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For therapeutics to reach the brain, the several administration routes available come with some disadvan-
tages, with the primary biological obstacle being the blood—brain barrier (BBB), which is not easy to pene-
trate despite the sophisticated technologies which have been developed. In addition, reaching specific
brain structures invokes additional challenges, entailing more complicated delivery strategies. Nose-to-
brain (N2B) delivery or the intranasal (IN) administration route provides a less invasive alternative. With the
wealth of knowledge available on N2B delivery of nanomedicines and biotherapeutics, there is an oppor-
tunity to synthesize the current literature, especially in terms of promising strategies to improve N2B deliv-
ery of nanomedicines, highlighting experimental evaluation and translational challenges. We also empha-
sized the latest advancements in experimental models for nasal delivery. Aiming to bridge the gap
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between bench research and clinical application, we reviewed the cases of insulin and oxytocin, two
biotherapeutics with high clinical potential for CNS-related diseases, and explore how nanomedicine-
based platforms can enhance their effectiveness. This review offers a roadmap for overcoming barriers
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Introduction to intranasal pathways

Intranasal (IN) administration has emerged as an attractive,
non-invasive route for drug delivery, offering distinct advan-
tages over conventional systemic administration." By bypassing
the gastrointestinal tract and hepatic first-pass metabolism, IN
delivery enables faster therapeutic onset, improved patient
compliance, and reduced systemic side effects."™* More
recently, this route has also been explored for nanoparticle-
based formulations, which offer the potential for precise and
targeted delivery to brain cells, with important translational
and clinical applications in neuroscience.

Traditional administration routes, such as oral and intrave-
nous, present multiple hurdles for central nervous system
(CNS) therapeutics, including poor bioavailability (BA), sys-
temic toxicity, and the challenge of delivering sufficient con-
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and accelerating the clinical translation of N2B therapeutics.

centrations to the brain." Chief among these barriers is the
blood-brain barrier (BBB), a tightly regulated interface that
prevents most therapeutic molecules from entering the brain.
Additional challenges include off-target distribution, enzy-
matic degradation, and the need for high systemic doses that
may exacerbate side effects.

In contrast, IN administration provides direct access to the
CNS through two distinct pathways® (Fig. 1). The indirect
pathway involves absorption into nasal vasculature, followed
by systemic circulation and subsequent crossing of the BBB, a
route that largely resembles conventional systemic delivery and
thus remains suboptimal.>” More importantly, the direct
pathway exploits the anatomical connection of the olfactory
and trigeminal nerves to the brain, allowing drugs to bypass
the BBB and reach the CNS more efficiently. This direct trans-
port minimizes systemic exposure, reduces the risk of peri-
pheral toxicity, and enables localized and rapid therapeutic
action.>* These features make the IN route particularly appeal-
ing for a wide range of therapeutic modalities, including small
molecules, peptides, proteins, and nanomedicines.

Beyond pharmacokinetic advantages, IN delivery is non-
invasive, patient-friendly, and suitable for self-administration,*
making it particularly beneficial for home care, vulnerable
patients who may experience difficulties with other routes
of administration, or for those requiring emergency
interventions.®® Clinical studies further highlight its accept-

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic overview of intranasal deposition and transport routes showing primary direct transport via olfactory epithelium, to olfactory
nerve, to olfactory bulb and secondary direct transport via respiratory epithelium to trigeminal nerve, enabling nanoparticle delivery to the cere-
brospinal fluid (CSF) and brain tissue while bypassing the blood brain barrier (BBB). Off-target clearance and systemic distribution: mucociliary clear-
ance to lungs and gastrointestinal tract, systemic absorption into systemic blood circulation, and eventual elimination are also illustrated. Adapted
from reference [S. Nakhaee, F. Saeedi and O. Mehrpour, Heliyon, https://doi.org/10.1016/j.heliyon.2023.e23083], used under Creative Commons

Attribution-International License 4.0 (CC BY).

ability and feasibility, especially in conditions where rapid
CNS drug action is required.'>"*

Nevertheless, nose-to-brain (N2B) delivery faces critical
challenges. The nasal cavity is equipped with enzymatic
activity that can degrade therapeutic molecules, resulting in
low BA.">"® The mucus layer and mucociliary clearance further
hinder residence time and penetration of nanoparticles.
Moreover, cellular barriers such as tight junctions and plasma
membranes complicate para- and transcellular transport, lim-
iting delivery efficacy.">'* These obstacles underscore the need
for advanced formulation strategies that can improve stability,
retention, and brain penetration of IN- administered
therapeutics.

Nanomedicine offers powerful solutions to overcome these
limitations. Polymeric micelles, liposomes, protein- and cell-
based nanoparticles, and other advanced systems can enhance
drug stability, improve bioavailability, and provide controlled
release while reducing off-target effects. By modulating size,
surface charge, and surface functionalization, nanomedicines
can be engineered to reduce mucosal clearance, penetrate
mucus barriers, and protect drugs from enzymatic degra-
dation. Emerging approaches include mucoadhesive and
mucopenetrative agents, mucus-modifying systems, protein-
based nanoparticles, and biomimetic nanomedicines.

In this review, we discuss recent and promising strategies to
improve N2B delivery of nanomedicines, highlighting experi-
mental evaluation and translational challenges. We particu-
larly emphasize the case of insulin and oxytocin, two biothera-
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peutics with high clinical potential for CNS-related diseases
and explore how nanomedicine-based platforms can enhance
their effectiveness. By integrating advances in nanotechnology
with translational insights, this review aims to provide a
roadmap for overcoming current barriers and accelerating the
clinical application of IN therapeutics.

Pharmacokinetics and brain
distribution of therapeutics following
nose-to-brain delivery

Anatomy of the intranasal pathway

The human nasal cavity, divided by the nasal septum, pos-
sesses a total volume of approximately 16 to 19 mL and an esti-
mated surface area of around 180 cm?, with over 75 cm? suit-
able for drug absorption.”® Upon IN administration, drugs
navigate through three distinct anatomical areas: the vestibu-
lar (VR), respiratory (RR), and olfactory regions (OR). The VR,
situated nearest to the nostrils, is the smallest and has a
surface area of roughly 0.6 cm?, lined with stratified squamous
epithelium and featuring vibrissae that serve as initial filters
for inhaled particles, thus contributing minimally to drug
absorption.'® In contrast, the RR, which constitutes 80-90% of
the nasal cavity surface area, consists of pseudostratified
columnar ciliated epithelium, characterized by its rich vascu-
larization and innervation, facilitating drug transport through
perineuronal and perivascular pathways."
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Rodents exhibit notable anatomical distinctions in their
nasal cavities, which are adapted for specific species needs
while serving similar functions to those in humans. With
nasal cavity volumes of approximately 257 mm?® in rats and
32 mm?® in mice, these dimensions afford large relative nasal
surface areas compared to body size, making rodents advan-
tageous for N2B delivery research.’”'® The rodent nasal cavity
includes a nasal vestibule lined with squamous epithelium
and vibrissae, a respiratory region (RR) featuring ciliated epi-
thelium, and an olfactory region (OR). A key anatomical differ-
ence is the pronounced vomeronasal organ, which specializes
in pheromone recognition. Furthermore, the nasopharynx con-
nects the nasal cavity to the pharynx, allowing for airway
passage, which ultimately underscores the structural variations
in both humans and rodents that critically influence the
efficacy of nasal drug delivery."’

The OR is rich in sensory cells and contains olfactory
nerves that originate from specialized cells in the olfactory epi-
thelium, located at the roof of the nasal cavity. These nerves
extend to the olfactory bulb, an essential structure in the brain
responsible for processing smells. Both the olfactory and tri-
geminal nerves can absorb high drug concentrations from the
nasal cavity and transport them to reach the brain or other
related structures.”® This was previously described as the
direct pathway, which is ideal for N2B delivery. Here, drugs
that are delivered through the olfactory nerve pathway travel
through the olfactory epithelium, anterior olfactory nucleus,
olfactory tract, amygdala, hypothalamus, and piriform cortex.
The olfactory receptor neurons (ORNs) are responsible for the
transduction of substances. The cilia located on these cells
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conduct the transduction. Molecules can reach the ORNs via
two different transcellular (across the cell membrane) or para-
cellular (between the cells) mechanisms. Due to tight junc-
tions, many molecules are absorbed by paracellular mecha-
nisms, taking only a few minutes to reach the CNS. Another
mechanism is via transcellular transport through the olfactory
and trigeminal nerves (Fig. 1). This axonal transport can trans-
fer the substances to the olfactory bulb or cerebrospinal fluid
(CSF). However, several hours to days are needed for the trans-
portation of drugs to the brain.®”

Additionally, drugs delivered through the trigeminal nerve
can reach the pons and cerebellum, which are parts of the
hindbrain. The trigeminal nerve begins at the pons and
extends into the nasal cavity. Some drugs that enter the RR
can also be transported directly to the brain via the trigeminal
nerve pathway, utilizing either transcellular or paracellular
routes.>’

Pharmacokinetics and brain distribution of small molecules
administered via nose-to-brain delivery

Pérez-Osorio et al. (2021) studied the brain biodistribution of
dexamethasone administered IN versus IV. Their experiments
demonstrated that higher concentrations of dexamethasone
were present in all regions of the brains of mice that received
the administration. HPLC analysis further indicated that N2B
delivery allows dexamethasone to reach the brain more quickly
and in greater concentrations compared to IV, with the quanti-
fication being corroborated by immunofluorescence. These
results support the use of IN dexamethasone as a more
effective alternative for controlling neuroinflammation.?*

Internacional de Catalunya (UIC Barcelona), is part of the
Department of Biomedical Sciences, Faculty of Medicine and
Health Sciences in the Sant Cugat Campus. The group employs
interdisciplinary approaches that combine molecular biology and
nanotechnology to investigate neuro-glial metabolism and signal-
ing in the hypothalamus, and their roles in metabolic disorders
such as obesity and diabetes. Their work explores novel nano-
medicine-based therapeutic strategies for these conditions.

Carlos Palacin Ramos, predoctoral researcher in neurometabo-
lism, develops intranasal protein-based nanoparticles for obesity
therapy. Dr West Kristian Paraiso, pharmacist and Beatriu de
Pinds fellow, designs polymeric micelles as drug delivery systems
for cancer and CNS diseases. Dr Sebastian Zagmutt, neuroscientist
and group co-leader, focuses on neuroinflammation and the role
of hypothalamic targets in food intake and energy homeostasis.

The NeuroNanoMet Group maintains collaborations with local
and international partners - the University of Barcelona, the
Institut de Biotecnologia i de Biomedicina (Autonomous University
of Barcelona), the Innovation Center of Nanomedicine (iCONM,
Japan), and the University of Catania (Italy) - advancing nano-
medicine research across disciplines.

This journal is © The Royal Society of Chemistry 2026
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In another study by Banks et al. (2009), the effects of IN
versus IV administration of tritiated testosterone (3H-T) were
compared. They found that about 75% of 3H-T given by IN
entered the bloodstream, however, whole brain levels of 3H-T
were approximately twice as high compared to IV.
Approximately two-thirds of the testosterone that reached the
brain via IN administration did so directly through the nasal
pathways, while the rest entered the bloodstream first (indirect
pathway). Most brain regions, except the frontal cortex, showed
higher testosterone levels after IN administration, particularly
in the olfactory bulb, hypothalamus, striatum, and hippo-
campus. The study indicated that testosterone distribution
likely involves various routes, including CSF and nerve projec-
tions. Overall, both routes showed similar regional distribution
patterns, suggesting a common factor influences how testos-
terone is distributed and retained. The researchers concluded
that IN administration specifically targets brain regions
such as the olfactory bulb, hypothalamus, striatum, and
hippocampus.**

The IN route also outperforms intraperitoneal (IP) admin-
istration in delivering therapeutics to the mouse brain. In
another study, researchers compared time-dependent uptake
and retention of various radiolabelled neurotherapeutics
administered either IN or IP. The findings revealed that the
brain uptake of IN-delivered therapeutics was over five times
greater than that achieved using IP. The peak uptake and
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retention time for all IN therapeutics across different brain
regions was observed to range from 30 minutes to 12 hours.
This variation depended on the distance of the brain region
from the administration site. Gradually, the radioactive
counts declined by 24 hours following administration. This
study confirms the effectiveness of IN administration as a
non-invasive and efficient method for CNS delivery, particu-
larly for treating neurodegenerative diseases, including
Alzheimer’s disease (AD).>?

Pharmacokinetics and brain distribution of macromolecules
administered via nose-to-brain delivery

In addition to small molecule therapeutics, macromolecules
or macromolecular drug delivery systems (DDS) can also be
effectively delivered to the brain by IN route. Yadav et al. (2015)
conducted a study on the biodistribution and PK of cyclospor-
ine A (CsA) following IN and IV administration in Sprague-
Dawley rats. They used an oil-in-water nanoemulsion (CsA-NE)
and compared the results with an aqueous solution of CsA
(CsA-A) that contained phosphatidylcholine, Tween 80, and
stearylamine. CsA is a hydrophobic immunosuppressive
peptide known for its anti-neuroinflammatory and neuropro-
tective effects. Here, both the CsA-NE and CsA-S were prepared
using ultrasonication. The findings revealed that IN-adminis-
tered CsA-NE resulted in the highest levels of brain accumu-
lation compared to other routes and treatments across all eval-

The Nanomedicine Group at the Innovation Center of
NanoMedicine (iCONM) in Kawasaki, Japan, is led by Dr Sabina
Quader, Deputy Principal Research Scientist. iCONM is a world-
class research hub that bridges academia, industry, and medicine
to accelerate the translation of nanotechnology into clinical appli-
cations. It fosters a highly collaborative environment, hosting
numerous local and international partnerships to advance the
field of nanomedicine.

Under Dr Quader’s leadership, the group focuses on developing
multifunctional nanomaterials for targeted drug delivery, with an
emphasis on disorders of the central nervous system, most
especially brain cancer. Her research aims to overcome biological
barriers and improve therapeutic precision through innovative
polymeric micelle systems. As Chief Coordinator of Global
Partnerships, she also oversees international research collabor-
ations and internship programs, promoting global scientific
exchange and nurturing young researchers.

Current team members include Carla Alvarez Gordi, a
Biomedical Science graduate from UIC Barcelona, conducting
characterization studies on polymeric micelles in neuroinflamma-
tory models, and Parisa Mishal Hossain, a Health Sciences under-
graduate from McMaster University, who contributed to imaging-
focused micelle design during her 2023 internship.

Together, the group exemplifies iCONM’s mission to integrate
innovation, collaboration, and education in advancing next-gene-
ration nanomedicine.
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uated regions, including the olfactory bulbs, midbrain, and
hindbrain. The brain-to-blood exposure ratio for CsA-NE (IN)
was 4.49, which is approximately 450 times higher than that of
the IV route, indicating effective N2B transport (Fig. 2).
Moreover, CsA-NE led to approximately a 14-fold improvement
in brain exposure compared to CsA-S, highlighting the advan-
tages of nanomedicine formulation. Additionally, CsA-NE
reduced exposure of non-target organs. These findings suggest
that nasal CsA-NE is a promising strategy for enhancing brain
targeting while minimizing peripheral exposure and potential
off-target toxicity.>*

In another study, dye-labelled mesenchymal stromal cell-
derived extracellular vesicles (MSC-EVs) were administered to
BALB/c mice via IV, intratracheal (IT), and IN routes.
Distribution was monitored immediately and at 3- and
24-hours post-injection.>® After 3 hours, IV injection showed
accumulation of MSC-EVs in the abdominal region, IT loca-
lized them in the chest, while IN distributed them in the
brain. After 24 hours, the same areas showed a stronger signal;
isolated organ analysis confirmed significant EV accumulation
in the spleen and liver after IV administration. For IT, a stron-
ger signal was found in the lungs, but for IN, it remained con-
fined to the brain.

The results of the PK and brain biodistribution studies pre-
sented above indicate that the IN route generally outperforms
the IV, IP, and IT routes in terms of delivering substances to
the brain while also reducing systemic exposure. This presents
a unique advantage for IN administration, as it is a non-inva-
sive method. However, it is important to note that all these
studies have been conducted in small animals, so further vali-
dation in larger animals is necessary before progressing to
human trials.

Dr Pablo Adridn Guillén Poza
earned a Life Sciences Ph.D.
from  Hokkaido  University,
Japan, supported by the MEXT
Scholarship. After a postdoctoral
stint and a tenure as Assistant
Professor under Prof. Dr Katsumi
Maenaka—specializing in solid-
phase peptide synthesis and
drug discovery—he moved to The
University of Hong Kong. There,
he currently serves as a
Postdoctoral Fellow. His research
centers on structural biology,
employing Cryo-EM to investigate pathological and functional
amyloids. The work aims to illuminate amyloid structure—function
relationships and advance understanding of their roles in disease,
with broader implications for therapeutic targeting and bio-
molecular design.

Pablo Adrian Guillen-Poza.
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Fig. 2 (A) Area-under-the-curve (AUC) values calculated from mean
cyclosporine-A (CsA) concentration in blood and different regions of
brain after administration of CsA-nanoemulsion (CsA-NE) or CsA-solu-
tion (CsA-S) via the intranasal (IN) or intravenous (IV) route. OB, olfactory
bulb; MB, mid brain; HB, hind brain. (B) Mean ng g~ brain concen-
tration—time plot of CsA in rats after IN or IV administration of CsA-NE
or CsA-S at a dose of 5 mg kg™. (C) Comparison of brain targeting
efficiency of IN and IV routes of delivery for both CsA-NE and CsA-S. *p
< 0.05 or *p < 0.01 compared to various control groups. Reprinted with
permission from reference [M. B. Chauhan and N. B. Chauhan, J. Neurol.
Neurosurg., 2015, 2, 009]. Copyright American Chemical Society 2015.

Strategies in improving nose-to-brain
delivery

As mentioned earlier, N2B delivery of therapeutics provides
enhanced effectiveness by bypassing systemic exposure in
comparison to other administration methods. Nevertheless,
utilizing this route remains difficult due to several barriers,
most notably the rapid mucociliary clearance system and enzy-
matic degradation in the nasal cavity. Physicochemical pro-
perties and compositional characteristics of molecules play a
significant role in their ability to withstand these barriers and
ultimately determine their fate within the different pathways

This journal is © The Royal Society of Chemistry 2026
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leading to the brain and CSF.*®* Nanomedicines address
several key challenges in drug delivery and imaging. They
enhance drug efficiency, minimize adverse effects by limiting
non-specific tissue distribution, improve BA, and enable
precise control over the release of therapeutic or imaging
agents.”” Importantly, these systems can be tailored to over-
come the specific limitations of IN delivery. By prolonging
retention at the nasal mucosa or facilitating penetration across
mucus, and by shielding drugs from enzymatic degradation
through protective coatings or encapsulation, nanomedicines
hold tremendous potential to transform drug distribution via
N2B delivery.®

The role of mucus in intranasal delivery

The mucus layer of the nasal mucosa serves as a critical com-
ponent of the innate defense system, protecting against patho-
gens and foreign particles while simultaneously regulating
hydration and ciliary function. However, it also represents a
major obstacle for IN formulations. Composed mainly of water
(95-99%) and mucins (large, glycosylated proteins secreted by
goblet cells) respiratory mucus exhibits a biphasic gel structure
that supports mucociliary clearance by trapping particles and
facilitating their removal.>**° The mucin network, with its
mesh-like structure and nanoscale pores, acts as a size-selec-
tive filter, meaning that DDS designed for effective diffusion
should be nano-sized. Nevertheless, particle size alone is
insufficient to guarantee diffusion: rheological properties and
particle dynamics also strongly influence mucus permeability.
Studies indicate that rod-shaped nanoparticles penetrate more
effectively than spherical ones.*' Similarly, surface charge is
critical, as mucins carry a net negative charge. Positively
charged carriers often adhere strongly and are cleared more
rapidly, whereas neutral or negatively charged particles exhibit
greater mobility through the mucus matrix.**> Surface modifi-
cations such as PEGylation not only reduce adhesive inter-
actions but also provide a protective shield against enzymatic
attack, thereby enhancing both diffusion and stability.

To counteract these limitations, two complementary design
philosophies are widely explored. Mucopenetrative nano-
particles are engineered to minimize interactions with the
mucus layer and reduce enzymatic exposure. By coating car-
riers with hydrophilic polymers such as poly(ethyleneglycol)
(PEG), nanoparticles acquire neutral and hydrophilic surface
characteristics that prevent strong adhesion with mucins while
also shielding encapsulated drugs from enzymatic degra-
dation, further increasing their BA. Their small size facilitates
transcellular transport and rapid diffusion across the mucus
gel into deeper tissues, ultimately granting faster access to the
olfactory region and brain.***

Such designs are particularly useful when rapid and
efficient CNS delivery is required. For instance, Date et al
(2018) showed that PEG-poly(lactic-co-glycolic acid) nano-
particles exhibited significantly greater penetration and trans-
location capabilities compared to mucoadhesive systems,
underlining the crucial role of surface modification for
mucopenetration.®®

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review

Mucoadhesive nanoparticles, by contrast, exploit inter-
actions with the mucus to prolong residence time in the nasal
cavity, thereby counteracting the rapid mucociliary clearance
mechanism. The adhesion achieved through electrostatic
forces, hydrogen bonding, or mechanical entrapment slows
clearance and increases the opportunity for absorption across
epithelial barriers. Polymers such as chitosan and Carbopol
are well-studied in this regard, not only enhancing contact
time but also providing a degree of protection against enzy-
matic degradation by retaining the formulation at the absorp-
tion site.’*® Pathak et al. (2014) reported that formulations
using surfactants combined with mucoadhesive polymers sig-
nificantly improved the N2B delivery of nimodipine while
sodium hyaluronate has also been shown to enhance retention
and delivery efficiency.?®?9*°

Overall, both approaches directly address the primary bar-
riers of IN delivery, rapid mucociliary clearance and enzymatic
degradation,  but  through  opposite =~ mechanisms.
Mucopenetrative systems focus on evading mucus entrapment
and enzymatic contact, while mucoadhesive systems resist
clearance by prolonging residence time and stabilizing the for-
mulation. The choice between them depends on the thera-
peutic goal, drug stability, and required kinetics of brain deliv-
ery. By carefully tuning particle size, shape, surface charge,
and functional coatings, nanomedicine platforms provide ver-
satile solutions to overcome these challenges and enhance the
efficiency of N2B delivery.*'

Mucoadhesive agents

Chitosan. The cationic polysaccharide chitosan serves as an
effective excipient for nasal delivery, enhancing drug absorp-
tion through mucoadhesion and permeation enhancement by
loosening tight junctions in the nasal epithelium.*” A key
application is in improving the CNS delivery of quetiapine
hemifumarate (QF), which faces challenges due to its poor
solubility and low oral BA. Gadhave et al. (2024) developed bio-
degradable PLGA NPs loaded with QF, incorporating surface
charge modifications using poloxamer and chitosan, to
enhance brain targeting and nasal epithelium transport in
RPMI-2650 cells. The researchers prepared a QF-loaded poloxa-
mer 407-chitosan-PLGA in situ gel (QF-PLGA-ISG) which not
only improved cellular uptake but also increased QF transport
across the epithelial monolayer by 1.5 to 2 times. Additionally,
experiments using the EpiNasal™ 3D nasal tissue model con-
firmed the safety and efficacy of the QF-PLGA-ISG formulation,
achieving up to a fourfold increase in transport compared to
plain QF after four hours.*®

Interferon (IFN)-f is a first-line treatment for multiple scler-
osis (MS) but its effectiveness is limited by the need for inject-
able administration, a short half-life, and restricted CNS
access.** Gonzalez et al. (2021) developed IFN-B-loaded chito-
san and sulfobutylether-p-cyclodextrin nanoparticles (IFN-
B-NPs) for N2B delivery. Following the administration of fluo-
rescent probe-loaded nanoparticles, significant fluorescence
signals were detected in mice brains. In a mouse model of
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experimental autoimmune encephalomyelitis (EAE), IFN-p-NPs
led to notable improvements in clinical symptoms, while a
similar dose of free IFN-f (either IN or systemic). Additionally,
spinal cords from EAE mice treated with IFN-B-NPs exhibited
inflammatory foci and demyelination, reduced
expression of antigen-presenting and costimulatory proteins
on CD11b+ cells, and decreased activation of astrocytes and
microglia compared to controls.*®

Discoidal high-density lipoproteins (HDL-Disc) can be used
to mimic amyloid p-peptide (Af) antibodies to influence direc-
tional flux of AP from central to peripheral catabolism as a
strategy to treat AD.’® Zhang et al (2023) prepared HDL-Disc
(polyDisc) via chitosan derivative polymerization (CP50k and
CP150k molecular weight to make polys,Disc and poly,s,Disc,
respectively). When administered IN, the acidic nasal environ-
ment breaks it down into HDL-Disc and chitosan derivatives that
transiently open tight junctions, allowing the HDL-Disc to enter
the brain via the OR. The transport of HDL-Disc was evaluated
using ELISA in blood and key organs, including the olfactory
bulb, brain, liver, and lung. After IN administration, HDL-Disc
particles were detected more abundantly in the olfactory bulb
and brain of AD mice within 15 minutes, indicating the olfactory
pathway supports rapid brain transport. The analysis showed that
the percentage of injected dose per gram of brain tissue (% ID
g ") in the poly;seDisc group was 2.47-fold and 3.28-fold higher
than in the polysoDisc and free HDL-Disc groups, respectively, sig-
nifying effective brain accumulation following nasal delivery with
poly;seDisc. Differences in HDL-Disc accumulation based on chit-
osan density were observed in the brain and liver. Overall, these
results suggest that the CP150k polymer enhances HDL-Disc
mucoadhesion and facilitates its distribution to the brain and
liver for Ap catabolism. The transport pathway for polyDisc can
thus be summarized as nose — brain — liver, with CP150k being
particularly effective for nasal penetration in AD treatment. Upon
reaching the brain, the HDL-Disc removes Af through microglia
or transports it for liver degradation. In APPswe/PS1dE9 AD mice,
this approach significantly reduces both intracerebral and vascu-
lar AB, improving neurological function and memory.*®

Cellulose derivatives. IN delivery of phenytoin may offer a
novel method to enhance its safety and effectiveness in treat-
ing status epilepticus. To overcome its low water solubility, the
hydrophilic prodrug fosphenytoin was utilized in straight-
forward aqueous IN formulations. Pires et al. (2021) demon-
strated that phosphate ester prodrugs can effectively improve
the N2B delivery of poorly soluble drugs like phenytoin. A for-
mulation combining hydroxypropyl methylcellulose (HPMC)
and albumin extended the drug concentration in the brain
over time, resulting in increased absolute BA. This formulation
also contained a small quantity of the active lipophilic form,
which was prepared as a nanoemulsion, further elevating and
prolonging drug levels. Only phenytoin was detected in both
the brains and blood of mice, indicating that fosphenytoin
was rapidly converted to phenytoin, either within the nasal
cavity or following absorption.””

Edaravone is a potent antioxidant drug approved for treat-
ing amyotrophic lateral sclerosis (ALS), but its short biological

fewer

72 | Nanoscale, 2026, 18, 66-89

View Article Online

Nanoscale

half-life and poor water solubility require hospitalization for IV
infusion. PLGA-based nanoparticles loaded with edaravone
effectively reduced hydrogen peroxide-induced oxidative stress
in the BV-2 mouse microglial cell line. For IN delivery, a
200 pL pipette was used to instil 10 pL into each nostril under
inhalation anesthesia, with the nanoparticles suspended in
0.5% carboxymethylcellulose (CMC) in saline to enhance
mucosal contact. Optical imaging revealed that N2B delivery in
CD-1 mice resulted in higher and more sustained brain uptake
of edaravone compared to IV administration. Additionally,
ultra-performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) confirmed that the injected dose per
gram of brain tissue in Kunming mice was highest (approxi-
mately 0.8%) compared to the IV administered free drug.*®

Poloxamer. Michaels et al. (2023) developed a lipid nanoe-
mulsion incorporating the thermoresponsive polymer Poloxamer
407 to enhance the release of temozolomide (TMZ). They
assessed the effects of varying polymer concentrations (2.5% to
12.5%) and temperature on viscosity, along with their impact on
mucoadhesion, TMZ release rate, and retention or permeation
through porcine nasal mucosa using Franz-type diffusion cells. At
a concentration of 10% poloxamer 407, a significantly greater
amount of TMZ was detected in rat brains, along with a notable
reduction in tumor growth compared to control groups.*®

Carbopol. A D-a tocopheryl PEG;qqo succinate (TPGS)-based
mucoadhesive nanoemulsion (ARP-MNE) was developed for N2B
delivery of aripiprazole to treat schizophrenia. TPGS, a vitamin E
derivative, enhanced drug mucosal permeability. The nanoemul-
sion also incorporated Carbopol 971, a mucoadhesive polymer,
which improved ex vivo permeation through sheep mucous
membranes without causing ciliotoxicity. In Wistar rats,
ARP-MNE achieved a higher maximum concentration in the
brain (Cpax) compared to non-mucoadhesive formulations. It
also demonstrated high drug targeting efficiency (96.9%) and
drug targeting potential (89.73%). Notably, treated rats exhibited
no extrapyramidal symptoms in catalepsy and forelimb retrac-
tion tests, confirming the antipsychotic efficacy of ARP-MNE.>°

Ion-pair complexes. Subhash-Hinge et al. (2023) studied the
effect of rivastigmine-containing lipid polymeric hybrid (LPH)
nanoparticle charge on its N2B delivery. Rivastigmine hydro-
gen tartrate (RIV-HT) poses difficulties due to its hydrophili-
city, which limits absorption in the nasal cavity and compli-
cates nanoparticle encapsulation. A potential solution is to
develop hydrophobic ion pair complexes (IPC) to enhance N2B
delivery. These hydrophobic IPCs can increase lipophilicity
without changing the drug’s chemical structure, allowing for
reversible aqueous solubility of the hydrophilic drug. In this
study, they combined RIV-HT with docosahexaenoic acid
(DHA) to form ion-pair complexes (RIV : DHA), which they then
loaded into cationic and anionic LPH nanoparticles. The
resulting thermoresponsive gel containing LPH nanoparticles
improved nasal drug retention. Cationic LPH nanoparticles
demonstrated significantly better PK parameters compared to
their anionic counterparts, resulting in higher brain concen-
trations. Histological analysis of the nasal mucosa treated con-
firmed the biocompatibility of the delivery system.>*
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Polyethylene glycol and end-group functionality effect.
Kurano et al. (2022) examined how the surface properties of
nanomedicines affect nasal cavity to brain transport. They
created fluorescently- and radioactively-labelled liposomes with
different surface charges (positive, neutral, and negative) and
some PEG modifications (with or without), all under 100 nm in
size. The distribution of these liposomes in the CNS was ana-
lyzed using ex vivo imaging, with administration via an esopha-
geal reverse-intubation method for consistent PK assessment.>”

Qualitative analysis showed that neutral PEGylated lipo-
somes distributed widely in the brain and spinal cord within
60 minutes, while non-PEGylated neutral liposomes localized
in the olfactory bulb. Positively charged liposomes had low
fluorescence in the brain and spinal cord, with stronger
signals in the olfactory bulb (OB) after 120 minutes. Negatively
charged liposomes initially showed no fluorescence but dis-
played low levels throughout the brain and spinal cord after
120 minutes.®® Quantitative results using radioactivity con-
firmed that neutral liposomes had the highest brain and
spinal cord distribution, with positively charged liposomes
more prevalent in the OB and forebrain and negatively
charged liposomes more concentrated in the hindbrain.
PEGylated neutral liposomes showed significantly enhanced
distribution compared to non-PEG-modified ones after
90 minutes. These findings highlight the importance of
surface charge and PEG modification in enhancing N2B deliv-
ery efficiency, with PEG-modified neutral liposomes being par-
ticularly effective for broad CNS delivery.”

Cyclodextrin and borneol as permeability enhancers. A nasal
delivery system was developed using borneol (BO)-modified
cyclodextrin-metal organic framework (BO-CDF) in a cubic
shape as a drug carrier to improve the permeation of rivastig-
mine and enhance its targeting to the brain. The BO-CDF for-
mulation increased mucoadhesion and significantly enhanced
rivastigmine permeability, resulting in plasma AUC values,
brain AUC, and C,,,x values that were 1.7, 2.3, and 8 times
greater, respectively, compared to those observed with PO riv-
astigmine solution in rats.>

For AD treatment, a cyclodextrin-based metal-organic frame-
work (CD-MOF) was utilized to load huperzine A effectively. These
potassium-structured CD-MOFs, enhanced with stigmasterol and
lactoferrin, exhibited improved stability and biocompatibility. The
formulation was delivered via a toothbrush-like microneedle patch
made of hyaluronic acid microneedles and gelatin crosslinked
with tannic acid, which dissolved rapidly in the nasal mucosa to
release the CD-MOFs. Following N2B delivery in Sprague-Dawley
rats, the treatment significantly reduced neurocyte damage caused
by hydrogen peroxide and scopolamine. Huperzine A’s effective-
ness against memory deficits induced by scopolamine and
p-galactose and aluminum chloride was notably enhanced, as
shown by reduced acetylcholinesterase activity, decreased oxidative
stress in the brain, and improved learning functions.>

Cell-penetrating peptides (CPPs). Also known as protein
transduction domains (PTDs), CPPs are versatile tools in bio-
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medical research, allowing the transport of different payloads
into cells through various mechanisms. CPPs are 5-40 amino
acids-long cationic peptides naturally found in anti-cancer or
anti-microbial peptides. They can be classified by origin
(protein-derived, chimeric, or synthetic), physicochemical pro-
perties (hydrophilic, amphipathic, or hydrophobic), confor-
mation (linear or cyclic), and type of cargo coupling (covalently
or not non-covalently bound). Additionally, several modifi-
cations like cyclization, PEGylation and others can be intro-
duced to improve their metabolic stability.”>>°

CPPs’ ability to pass through the cell membrane has been
proven; however, the exact entry pathway remains poorly
understood. Several mechanisms have been proposed for
direct translocation, endocytosis, and endosomal escape,
which seem to vary significantly and be sequence dependent,
establishing another classification criteria.®*** Nanomedicine
surface decoration with CPPs has been demonstrated to be an
elegant N2B delivery approach to overcome the BBB.%*> %

In one study, PEG-PLA polymeric micelles loaded with a
blend of quercetin and etoposide were surface-modified with a
potent CPP, RMMR1. This modification resulted in improved
brain delivery efficiency and enhanced cellular uptake in glio-
blastoma (GBM) cells following IN administration. Notable
tumor reduction and increased survival rates were achieved,
with no significant changes in body weight. The CPP exhibited
greater efficacy and significantly lower toxicity compared to the
commonly used trans-activator of transcription (TAT)
peptide.”® Another CPP, DP7-C, was mixed with hyaluronic
acid (HA) and siRNA to form a micellar structure HA/DP7-C. In
vitro studies showed that this micelle had low cytotoxicity and
improved cell uptake due to HA-CD44 interactions. In vivo, HA/
DP7-C effectively delivered siRNA to the CNS via the trigeminal
nerve pathway shortly after administration, enhancing accumu-
lation at tumor sites. The intracellular delivery of anti-glioma
siRNA inhibited tumor growth, increased survival time, and
reduced tumor volume in GL261 tumor-bearing mice.”*

Akita et al. (2021) studied the in vitro and in vivo functions
of PAS-CPP (FFLIPKGRRRRRRRR) in facilitating the direct N2B
transport of glucagon-like peptide 2 (GLP-2). Their findings
showed that PAS-CPP-GLP-2 enhanced cellular uptake through
macropinocytosis and promoted endosomal escape. Notably,
IN administered PAS-CPP-GLP-2 produced an antidepressant
effect within 20 minutes, achieving results comparable to
intracerebroventricular (ICV) administration, while IV delivery
did not.”> A follow-up study qualitatively indicated that
PAS-CPP-GLP-2 travels from the trigeminal nerve to the CNS
via the principal sensory trigeminal nucleus and the trigem-
inal lemniscus. These results suggest that N2B delivery may
occur through trigeminal axons as a transcellular pathway.”?

However, there is contradictory evidence regarding the use
of CPPs. When combined with liposomes, penetratin and TAT
peptides did not improve insulin permeation across porcine
nasal mucosa. In contrast, insulin-loaded liposomes that were
not CPP-modified enhanced the nasal permeability coefficient,
indicating that the system has the potential to optimize
insulin absorption via the nasal route anyway without CPPs.”*
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Mucus-modifying strategies

Hyaluronidase. As a permeation enhancer, hyaluronidase
was utilized to improve the absorption of sEVs through the
OR.”” This enzyme loosens connective tissue by enzymatically
cleaving components of the extracellular matrix (ECM).
Specifically, hyaluronidase—regardless of whether it is derived
from bacterial or vertebrate sources—catalyzes the hydrolysis
of hyaluronic acid at the 1,4-glycosidic linkages.”®

The use of brain-derived neurotrophic factor-loaded small
extracellular vesicles (BDNF-SEVs) in stroke was investigated.””
In a mouse model of ischemic stroke, IN administration was
performed thirty minutes after delivering 10 pL hyaluronidase
(100 U per mouse). The sEVs were found to specifically target
the peri-infarct region. This led to significantly improved
efficacy, as evidenced by enhanced functional behavior, neural
repair indicated by reduced infarct volume, increased neuro-
genesis and angiogenesis, improved synaptic plasticity, and
fiber preservation, along with decreased expression of inflam-
matory cytokines and glial responses.””

N-Acetylcysteine (NAC). One example of a mucolytic com-
pound with proven effects on reducing mucus viscosity and
increasing clearance is NAC.”® Hyaluronic acid/silk fibroin (HA/
SF or HS) hydrogels, known for their sturdy mechanical pro-
perties, are staple biomaterials for tissue engineering. This
study involved incorporating dopamine/polydopamine (DA/
PDA) into HS hydrogels to create multifunctional HA/PDA/SF
hydrogels aimed at N2B delivery. The mechanisms by which
HDS/NAC hydrogels facilitate the opening of tight junctions in
RPMI 2650 cells may be linked to inhibition of protein tyrosine
phosphatase (PTP) due to the high mucin adhesion of NAC. In
an in vivo imaging study (IVIS) conducted on rats, the amount
of NAC delivered from the nasal cavity to brain tissue increased
nearly nine-fold over 2 hours when using the HDS/NAC hydro-
gels, attributed to the photothermal response (PTR) effect
induced by near-infrared (NIR) irradiation of the nasal tissue.”

In another study, Rao et al. (2024) developed a multifunc-
tional nanocarrier system targeting the hypothalamic neuroki-
nin receptor 3 (NK3R) through IN delivery. Utilizing a modified
peptide, (Trp7, p-Ala8)-neurokinin A (4-10), conjugated with
cysteine, the polymeric micelles containing the NK3R inhibitor
SB222200 demonstrated effective hypothalamic cell uptake.®
NAC was incorporated into the nanoparticles to enhance
mucosal solubility and delivery efficacy. N2B delivery was then
confirmed as an optimal method, minimizing the required
oral dosage and sidesteps the BBB to target critical brain
areas. In vivo studies on mouse newborn pups indicated that
the system successfully targeted the hypothalamus and influ-
enced NK3R-related functions in mice.*

Protein-based nanoparticles

Protein-based nanoparticles (PNPs) are nanoscale carriers con-
structed primarily from natural or engineered proteins such as
albumin, gelatin, silk fibroin, ferritin, or ovalbumin. They have
emerged as promising platforms for the delivery of biologics,
owing to their inherent biocompatibility, biodegradability, and
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capacity for specific molecular interactions. Their overall safety
makes them stand out from their synthetic polymers
counterparts.®?

Recent studies have demonstrated the structure, surface
charge, and composition of PNPs that are critical for their per-
formance in the nasal environment. Pho et al. (2022) systema-
tically reviewed nasal absorption and the effect of protein
corona in ovalbumin PNPs physico-chemical characteristics in
porcine nasal mucus. The study concluded that zwitterionic,
anionic, and cationic surface charges undergo rapid, moder-
ate, and slow diffusion, respectively, as already observed in
polymeric nanoparticles.®

Zwitterionic or neutral PNPs are generally more effective for
traversing the nasal epithelium and achieving enhanced pene-
tration into deeper tissues, including potential CNS access,
while having limited nasal cavity retention time. In contrast,
cationic PNPs tend to be retained within the mucus layer due
to strong electrostatic interactions with negatively charged
mucins. This retention can be advantageous for local immune
system activation, making cationic PNPs particularly suitable
for IN vaccination strategies.

Small molecules and oligonucleotides. Two recent studies
reported the use of PNPs as carriers for N2B delivery in GBM
therapy. Marrocco et al. (2024) utilized a stimuli-responsive fer-
ritin-based PNP (The-0405) incorporating a topoisomerase 1
inhibitor (Genz-644282). In this approach, the PASE peptide
was used to provide a stealth neutral surface, thereby decreas-
ing non-specific interactions. Upon reaching the tumor micro-
environment where matrix metalloproteases are overexpressed,
the PASE shield is enzymatically cleaved, exposing the under-
lying ferritin surface, and unmasking its natural affinity for
the transferrin receptor (TfR1/CD71) in both glioma cells and
BBB. The PNP was administered IV and IN, the latter providing
minimal distribution to peripheral organs such as the liver,
kidney, and spleen as well as no signs of tissue damage or tox-
icity as demonstrated in histopathological analysis.®*

On the other hand, Ha et al. (2021) developed a carrier-free,
self-assembled NP system composed of two therapeutic mole-
cules with opposite charges: antagomir-21, a negatively charged
antisense oligonucleotide (ASO) targeting oncogenic miR-21,
and RAGE-antagonist peptide (RAP), a positively charged
peptide (net charge +9) derived from the RAGE-binding domain
of HMGB-1. This system relied on a slight cationic surface and a
particle size around 220 nm to facilitate N2B delivery.*® Similar
to the findings of Marrocco et al. (2024), the approach mini-
mized systemic exposure and off-target effects, with nano-
particles primarily located in the brain. The treatment led to a
marked reduction in tumor growth, decreased levels of the
oncogenic miR-21, upregulation of pro-apoptotic genes, and
inhibition of angiogenesis within the tumor.%*

Complex biologics and macromolecules. The CNS delivery of
large molecules has been severely limited by the restrictive nature
of the BBB and the nasal epithelium, which was long thought to
exclude macromolecules from effective N2B transport. However,
recent advances have fundamentally challenged this paradigm.
For example, Correa et al (2023) has shown that repeated IN
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administration of anti-Nogo-A monoclonal antibodies (mAbs)
results in rapid and widespread distribution of the antibody
throughout the brain and spinal cord, reaching CNS tissue con-
centrations comparable to those achieved by invasive intrathecal
infusion. These antibodies cross the nasal epithelium, leading to
significant functional recovery and neuroplasticity in preclinical
models of stroke and neurodegeneration. Notably, the IN route
achieves this with far less systemic exposure and without the
need for traumatic procedures, marking a major advance in the
non-invasive delivery of large biologics to the brain.*®

The underlying mechanisms involve direct transport of Abs
across the olfactory and trigeminal pathways, likely via transcy-
tosis and facilitation by FcRn, which binds IgG at acidic endo-
somal pH and releases it at neutral pH on the opposite side of
the epithelium. This mechanism allows Abs to reach deep
brain regions and even the spinal cord, as confirmed by immu-
nohistochemistry and functional studies. Additionally, FcRn’s
broad expression and its ability to protect IgG from degra-
dation further enhance the efficiency and duration of thera-
peutic Ab presence in the CNS after nasal administration.®”

Biomimetic nanomedicines

Biomimetic nanomedicines mimic biological systems or struc-
tures, integrating natural cell membranes into their design to
enhance specific functionalities and biocompatibility. These
nanoparticles often consist of a synthetic core coated with cell
membranes harvested from various cell types. This approach
enhances their stability in circulation, improves targeting
efficiency for drug delivery and reduces immune
responses.®®®® By leveraging the natural characteristics of cell
membranes, they facilitate the tolerance of the local immune
system for the nanomedicines, improving residence time and
uptake, thus facilitating more effective therapeutic outcomes
while minimizing adverse effects.

Reducing mutant huntingtin (mHTT) in the CNS via ASOs is
a strategy currently undergoing clinical evaluation for
Huntington’s disease.”® Aly et al. (2023) investigated the thera-
peutic potential of apolipoprotein A-I nanodisks (apoA-I NDs) as
a delivery system for mHTT-lowering ASOs via the nasal route.
After administration of apoA-I NDs in a BACHD transgenic
mouse model, levels of apoA-I protein increased along the
rostral-caudal brain axis, peaking in the rostral regions such as
the OB and frontal cortex. Both apoA-I and ASOs were found in
neurons. Notably, a single dose of apoA-I ASO-NDs significantly
lowered mHTT levels in the brain areas most affected by
Huntington’s disease, specifically the cortex and striatum.”*

A hypoxia-targeted carrier, RBP-Exo/AMO181a-chol, has
been developed for delivering anti-microRNA-181a oligo-
nucleotide to the brain, showing promise in stroke therapy.
MicroRNA-181a (miR-181a) is usually elevated in ischemic
brain tissue, and its suppression can mitigate ischemic
damage. The exosome is engineered to bind to the receptor for
advanced glycation end-products (RAGE), an overexpressed
protein in hypoxic ischemic cells, through the incorporation of
a RAGE-binding peptide (RBP-Exo). In a rat model of middle
cerebral artery occlusion (MCAO), administration of RBP-Exo/
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AMO181a-chol resulted in decreased levels of miR-181a and
increased expression of Bcl-2. Furthermore, this treatment led
to reduced tumor necrosis factor-a (TNF-a) levels and apopto-
sis, significantly decreasing infarct size and providing neuro-
protection in the ischemic brain compared to controls.”*

Finally, N2B delivery of human umbilical cord mesenchymal
stem cell exosomes (hUCMSC-Exos) demonstrated significant
neuroprotective effects in PD mouse models by preventing dopa-
minergic neuron death in the substantia nigra pars compacta
(SNpc). Treatment with hUCMSC-Exos notably enhanced loco-
motor abilities and increased the number of dopaminergic
neurons in the SNpc. Additionally, it reduced glial activation and
inflammatory responses in the OB and substantia nigra, improv-
ing the local microenvironment in PD mice. These results
suggest that hUCMSC-Exos may restore olfactory and motor
functions in mice with MPTP-induced PD, highlighting their
potential as for clinical prevention and early treatment of PD.%?

Overall, these findings suggest that particle size, volume,
and charge, along with the utilization of enzymes, peptides,
and additional enhancers, play a vital role in nanoparticle
transport mechanisms for N2B delivery, offering opportunities
to optimize drug delivery and enhance therapeutic outcomes.
There are many existing research gaps within these improve-
ment methods, especially in enzymes and enhancers for N2B
nanoparticle delivery, as existing studies currently focus solely
on nasal absorption.

Experimental models of intranasal
administration

To investigate the complexities of nasal drug delivery,
especially in relation to membrane permeation and drug trans-
port across the nasal epithelium, various in vitro and ex vivo
models have been developed. These models serve as valuable
alternatives to in vivo animal experimentation, enabling con-
trolled studies on drug distribution, permeability, and cellular
interactions.’*

In vitro models

In vitro cell models offer advantages such as high-throughput
screening, precise control over experimental conditions, and
mechanistic insight into drug transport.”>*® A critical aspect
in designing these models is replicating the nasal mucosal
environment. This includes the use of natural nasal mucus,
purified or recombinant mucins, and cellular components to
mimic the dynamic and structural features of the nasal
barrier.”” The incorporation of in vitro cellular models intro-
duces an additional aspect of directional permeability barrier
consideration, giving researchers access to a variety of cell
models for studying IN drug delivery. These include primary
cell cultures, immortalized cell cultures, and commercially
available alternative cell-type models. These models collec-
tively contribute to our understanding of drug permeability
and transport mechanisms across nasal barriers, which are
critical for enhancing drug delivery efficiency.”®
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Primary cell cultures involve cultivating nasal epithelial
cells isolated from human or animal donors. They retain
native physiological characteristics, including tight junction
formation and mucociliary differentiation. However, they are
limited by donor variability, ethical concerns, short lifespan,
and complex isolation procedures.””

Immortalized nasal cell lines such as RPMI 2650, Calu-3,
16HBE140-, and Caco-2, are more accessible and reproducible,
offering extended proliferation capacity and lower cost versus
primary cultures. Traditionally cultured as monolayers in a single
liquid environment, these cell lines have evolved into more
advanced configurations, including air-liquid interface (ALI)
models, which better simulate the semi-moist conditions of the
nasal mucosa. These models have been extensively used to study
drug transport and permeation through the nasal epithelium.®®

In a study by Maaz et al. (2024), a PLGA nanoparticle formu-
lation was administered using a pressurized metered dose
inhaler (pMDI) and a three-dimensional (3D) human nasal
cast model to evaluate deposition in the olfactory region.'®
Results indicated that direct aerosol exposure minimally
impacted cell viability. Furthermore, aerosolized nanoparticles
exhibited superior transport rates across the RPMI 2650
barrier compared to an aqueous nanoparticle suspension at all
measured time intervals. This highlights the benefits of
aerosol delivery and underscores the use of ALI cellular
models in the evaluation of inhalable as opposed to simple
solutions. The model not only sustains cells under ALI con-
ditions but also allows for sampling from the basal chamber,
making it suitable for assessing drug deposition, uptake, and
transport kinetics in realistic environments."*

Commercially available alternative immortalized cell-type
models have been employed in drug permeation studies to
predict nasal drug delivery. One of the key models is the
MucilAir® cell line, fully differentiated human nasal epi-
thelium comprising basal, ciliated, and goblet cells. It forms a
polarized barrier with well-established tight junctions, exhibit-
ing active efflux properties via P-glycoprotein and BCRP trans-
porters. MucilAir® has been validated for long-term cyto-
toxicity testing, mucus-drug interaction analysis, and studies
of ciliary function.**"*

More advanced 3D co-culture systems integrate epithelial
cells with immune or neuronal components to better reproduce
the complexity of the nasal mucosa and its interactions with the
CNS. These systems are particularly valuable for studying inflam-
matory responses, immune modulation, and neuronal uptake,
although their higher complexity and cost limit widespread use.
Similarly, mucosa-on-a-chip platforms that employ anatomy-
based 3D printing and microfluidic technology recreate the
dynamic environment of the nasal mucosa. These chips support
ALI conditions, allow real-time observation of drug interactions,
and facilitate modelling of inter-tissue crosstalk and mucin pro-
duction, enhancing their physiological relevance.'**'%

For these in vitro models, characterization of barrier and
drug transport can be performed using transmission electron
microscopy (TEM), also used for visualizing tight junctions
and tracking nanoparticle uptake.'®® Furthermore, drug-

76 | Nanoscale, 2026, 18, 66-89

View Article Online

Nanoscale

mucus interaction can be studied through both mechanical
(e.g., AFM, rheometry) and optical techniques. Optical
methods such as dynamic light scattering (DLS), FT-IR, and
Raman spectroscopy offer sensitive analysis of submicroscopic
changes in mucus properties and protein corona formation
around nanoparticles.'”  Fluorescence-based techniques,
especially multi-particle tracking (MPT), enable direct visual-
ization of nanoparticle mobility through mucus, providing
quantitative insights into the diffusion behavior, and micro-
viscosity of the nasal environment during drug delivery.'**'%”

Ex vivo models

Ex vivo tissue models are also valuable tools for assessing N2B
drug delivery. These models offer several advantages, includ-
ing high tissue availability, direct isolation from human or
experimental animal tissues, and the ability to obtain numer-
ous tissue samples from a single subject, making them cost-
effective and reproducible. However, their limitations include
interindividual variability due to donor age, pathology, or diet,
and a relatively short viability period.* Additionally, since the
drug permeability of the olfactory epithelium in the nasal
mucosa may be significantly higher than that of the respiratory
mucosa, the selection of tissue source region should be con-
sistent with the experimental objective, with this aspect
difficult to control in ex vivo models.'® Nasal inserts have
emerged as a promising N2B delivery system, offering sus-
tained drug release and improved brain targeting via the OR.
In particular, rivastigmine tartrate-loaded nasal inserts were
formulated using a gelatin/HPMC matrix through a quick-
melting technique.'®® The inserts were comprehensively evalu-
ated ex vivo, in which freshly isolated sheep olfactory nasal
mucosa was used to investigate drug permeation, providing a
physiologically relevant model. A custom-designed apparatus
was also introduced to assess mucoadhesive strength under
conditions simulating the nasal environment. This study high-
lights nasal inserts as a novel and effective strategy for enhan-
cing CNS drug delivery, with ex vivo models playing a crucial
role in validating both mucopermeation and mucoadhesion.

Understanding nasal drug deposition is critical for ensur-
ing delivery to target regions, particularly the olfactory epi-
thelium. Recent studies on thermosensitive in situ hydrogels
containing rivastigmine-loaded lipid-based nanoparticles have
shown promising results in enhancing drug retention and
deposition in nasal tissues.'*’

A recent study analyzed the impact of tissue storage on the
reliability of mucopermeation and mucoadhesion experiments
using swine nasal mucosa.''’ The findings highlight the
importance of appropriate tissue preparation to preserve
mucosal integrity, which is essential for accurate assessment.
Specifically, for Franz-type vertical diffusion assays, the use of
freshly excised nasal mucosa is recommended. Storage of
tissues at 4 °C or —20 °C was found to significantly overesti-
mate drug permeability, potentially leading to misleading con-
clusions during formulation development. Histological ana-
lyses revealed that fresh tissues maintained intact epithelial
architecture and preserved ultrastructure of adherens junc-
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tions. In contrast, stored tissues exhibited disorganization,
reduced mucosal thickness, and loss of epithelial integrity, all
of which contributed to artificially elevated permeability.
Therefore, the use of fresh mucosa is essential to ensure
physiologically relevant and reproducible results.""*

In vivo models

In vivo models remain the most physiologically relevant
approach for evaluating the PK and pharmacodynamics (PD)
of N2B delivery. These models allow the exploration of the
nasal mucosa in real time, including factors like mucosal con-
gestion and nasal airflow, both of which significantly influence
nanomedicine diffusion and deposition.'®® Indeed, formu-
lation performance cannot be evaluated independently of the
device used, since particle size distribution, spray plume geo-
metry, actuation force, and dosing reproducibility vary
between nasal sprays, inhalers, and micro-infusion systems,
strongly influencing deposition patterns and brain targeting
efficiency. Table 1 shows some strategies in nanomedicine for-
mulation side-by-side with novel in vivo experimental models
which will be discussed in this section. Among the most
common in vivo analytical methods, hematological analysis,
e.g., measuring plasma or serum drug concentrations using
HPLC, offers valuable insight into systemic BA following N2B
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delivery.* Other techniques, such as in situ nasal perfusion,
enable timed collection of nasal perfusate while preserving the
animal’s blood circulation and neural innervation. However, it
is invasive, requiring surgical procedures and anesthesia,
which limits throughput and adds experimental complexity.

To overcome the limitations of direct sampling, non-inva-
sive imaging modalities such as magnetic resonance imaging
(MRI), positron emission tomography (PET), and single-
photon emission computed tomography (SPECT) are fre-
quently used preclinically and clinically to study nano-
medicine biodistribution. Optical fluorescence imaging (OFI)
using NIR fluorophores reduces tissue scattering and absorp-
tion, facilitating clearer in vivo nasal imaging. Additionally,
two-photon microscopy provides high-resolution imaging and
deeper tissue penetration, enabling detailed assessment of
nanomedicine interaction with the mucus layer and epithelial
surfaces.'*?

The selection of animal models is essential for translational
studies. Rats and mice are the most widely used due to their
prominent olfactory epithelium, low cost, and standardized
handling protocols, making them suitable for mechanistic
research."*''* However, differences in nasal anatomy, dosing
volumes, and brain size compared to humans limit their pre-
dictive value for clinical translation. Krishnan et al (2017)

Table 1 Highlighted in vivo nose-to-brain delivery studies in rodents using either innovative formulation strategies or avant-garde experimental

models in the preclinical stage

Formulation
strategy Materials used Experimental model Main pharmacologic outcomes Ref.
Mucoadhesive Chitosan-modified STZ-induced neurodegeneration Increased stability and mucosal uptake of 190
agents transfersomes carrying model in Wistar rats, treatment was  insulin in nasal cavity; in vivo optical
insulin administered by pipetting into imaging showed longer residence time and
nostril controlled release in rat brain; enhanced
neuroprotective effects
Lyophilized nasal inserts Nasal inserts were administered via Improved brain-to-plasma concentration 191
made from HPMC and a PET tube to healthy Wistar rats ratio of atomoxetine nasal insert vs oral and
polycarbophil loaded with IP administration measured using LC-MS/
atomoxetine MS
Mucopenetrative Fluorescent liposomes of Esophageal reverse-intubation nasal Minimized variability of administered dose =~ 52 and 122
agents different surface charges administration in mice for more accurate PK analysis of N2B;
with or without PEGylation neutral PEGylated liposomes had highest
distribution in brain and spinal cord
GLP-2 peptide derivative ddY mice (depression model), PAS-CPP-GLP-2 migrates from the trigeminal 72 and 73

with R8 as CPP and
FFLIPKG as penetration
accelerating sequence (PAS)

pipetting

Mucus-modifying
agents

Polymeric NP loaded with
NK3R antagonist and NAC

nostril
Protein-based
nanoparticles

Function-blocking mAb
11C7 directed against the
Nogo-A-specific region of
rat Nogo-A

Anti-IL-1f Ab gel formed
with Pluronic F127

This journal is © The Royal Society of Chemistry 2026

treatment was administered by

HFD-induced precocious puberty
mouse model, treatment was
administered by pipetting into

Long-Evans rats (photothrombotic
stroke model), repeated treatment
for 14 d administered by pipetting

LPS-induced neuroinflammation
mouse model; via the MIND
Technique (surgically implanted
polymer-based material)

nerve to the CNS through the principal

sensory trigeminal nucleus and then

through the trigeminal lemniscus;
antidepressant effect comparable to ICV
administration

Effective targeting of the hypothalamus, 80
drug release, and amelioration of NK3R-

related pubertal advancement

All parts of the rat CNS (including spinal 86
cord) were reached in therapeutic amounts,
enhancing compensatory fiber sprouting
and functional recovery after strokes, similar
to intrathecal administration

MIND delivery of anti-IL-1f significantly
increased antibody diffusion through the
CNS (measured by IVIS), leading to lower
IL-1p levels compared to IV administration

125 and 126
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observed that heavier and older Sprague-Dawley rats required
increased IN doses to achieve the same brain concentrations
as lighter and younger rats,"*> highlighting the importance of
animal age and weight as experimental variables. Guinea pigs
are particularly useful in immunological studies and tolerate
moderate IN volumes (20-30 pL),"®> but their nasal cavity
structure diverges significantly from that of humans. Beagle
dogs possess nasal structures and mucosal surface areas closer
to humans, and they can be trained for repeated adminis-
trations, making them useful for PK and safety studies.’®
Nevertheless, their higher maintenance cost and ethical con-
siderations limit widespread application. Non-human primates
(NHPs), such as macaques, provide the closest anatomical and
physiological resemblance to humans and thus the strongest
translational value. They are particularly important for late-
stage safety and efficacy studies. However, ethical constraints,
logistical complexity, and cost restrict their use to select pre-
clinical investigations."*®

A persistent challenge in N2B drug development is accu-
rately predicting regional deposition within the nasal cavity,
which is difficult to achieve using in vitro or ex vivo methods
alone. To address this gap, recent work''” has focused on con-
structing anatomically realistic in vitro nasal cavity replicas
(e.g., 3D-printed nasal casts) based on CT scans from adult
human volunteers. These models capture inter-individual
variability related to age and sex, resulting in 40 distinct nasal
reconstructions that offer realistic airflow dynamics and struc-
tural fidelity. Such replicas have demonstrated superior predic-
tive capacity for posterior deposition compared to traditional
animal models, which, while valuable for toxicological and
mechanistic studies, do not adequately replicate human nasal
spray performance. Therefore, integrating data from both
animal models and human-derived in vitro nasal replicas is
crucial for improving the prediction of in vivo performance,
particularly in the context of N2B delivery. The nasal casts
allow for the evaluation of aerosol deposition patterns under
realistic airflow conditions. When coupled with in vitro assays
or cell-based inserts, they offer a robust platform for predicting
drug behavior and optimizing formulations.'*®*°

Efforts to develop in vitro-in vivo correlations (IVIVC) for
nasal delivery aim to predict drug deposition patterns and sys-
temic absorption based on laboratory models. Although
in vitro tools are widely employed to optimize formulation
parameters and device performance, their predictive accuracy
remains limited due to the anatomical complexity of the nasal
cavity, variations in device-generated particle size and velocity,
and patient-specific factors such as nasal airflow and mucosal
conditions. Accordingly, IVIVC models that include device
descriptors (e.g., Dv50, plume angle, actuation profile) better
capture deposition variability and translate more reliably to
in vivo outcomes. Nevertheless, advances in in vitro modelling
and improvements in in vivo imaging and sampling methods
enable a deeper understanding of deposition mechanisms,
which is expected to enhance IVIVC development. For
example, Haasbroek-Pheiffer et al. (2023) reported preliminary
extrapolations comparing fractional absorption in rodent

78 | Nanoscale, 2026, 18, 66-89

View Article Online

Nanoscale

models with permeation across common epithelial cell lines
such as Caco-2 and RPMI 2650, using compounds like ateno-
lol, Acyclovir, methotrexate, and various tramadol nanoparticle
formulations.*

The volume of nasal administration plays a key role in
determining drug distribution and the extent of olfactory tar-
geting. Studies have shown that low dosing volumes (e.g., 5 pL
in mice) help retain the drug within the nasal cavity, minimiz-
ing pulmonary exposure, whereas larger volumes (>10 pL) may
lead to deposition in the lungs.'® In a study by Forero et al.
(2022), various installation volumes (50-400 pL) were tested in
hamsters, revealing no major systemic differences compared
to controls. However, histopathological analyses indicated
inflammation in the lower respiratory tract in animals receiv-
ing 200 or 400 pL, suggesting that higher volumes can result in
aspiration of nasal or oropharyngeal contents and contribute
to respiratory tract pathology.'" Emerging techniques are also
expanding the toolkit for evaluating N2B drug delivery. Reverse
esophageal cannulation allows researchers to isolate and quan-
tify drug transport via the olfactory route to the brain, mini-
mizing systemic influence.'*

Similarly, the minimally invasive nasal infusion (MINI) pro-
cedure offers precise delivery of protein therapeutics, such as
ovalbumin, to the CNS with reduced procedural invasiveness
and improved targeting accuracy. In this study, the use of a
commercial microfluidic pump effectively facilitated the sus-
tained delivery of proteins to different regions of the brain.
MINI exhibited an efficiency of ca. 45% when compared to the
ICV route. Furthermore, the pump’s concentration, volume,
and flow rate can be tailored to meet the requirements of
specific therapeutic agents and applications. These results
underscore the importance of targeting the olfactory mucosa
to enhance the delivery of treatments to the CNS."** The MINI
procedure is derived from the minimally invasive nasal depot
(MIND) technique developed by Bleier et al.">**° which was
designed to overcome dosing variability by direct delivery of
the entire therapeutic dose to the olfactory submucosal space.

Finally, the safety profile of nasal DDS and devices must be
carefully evaluated. Device design—spray nozzles, powder
insufflators, nebulizers, or infusion pumps—directly influ-
ences mucosal deposition patterns, dosing reproducibility,
and patient tolerability. Material compatibility, device geome-
try, and actuation mechanisms can affect mucosal integrity
and local toxicity after administration. A recent overview high-
lights various health risks associated with nasal delivery
devices, underscoring the need for biocompatible materials
and robust preclinical safety assessments."?”

Translational insights from preclinical
to clinical trials of nose-to-brain
therapies: oxytocin and insulin

In the last three years, most ongoing clinical trials of N2B
medications involve oxytocin and insulin. These stem from
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their promising potential to address various neurological and
psychiatric disorders. The trials also aim to leverage the
unique delivery mechanisms that IN administration facilitates.
In this section we focus on the clinical applications of two pep-
tides as well as lessons learned from preclinical studies that
might help achieve clinical approval of their nasal
formulations.

Oxytocin

Oxytocin is a neuropeptide hormone synthesized in the hypo-
thalamus and released into the bloodstream by the pituitary
gland. It plays crucial roles in various physiological processes,
such as childbirth, lactation, and social bonding. Recent
studies have emphasized its significant influence on social
behaviors, emotional regulation, and psychological well-
being."” Oxytocin IN has diverse clinical applications ranging
from enhancing social interactions in autism spectrum dis-
order (ASD) and managing anxiety disorders to potential
roles in pain management and neurodegenerative diseases.
Its multifaceted effects on emotional and social processes
mark it as a valuable therapeutic agent in various clinical
contexts.

Clinical research indicates that IN oxytocin can improve
social cognition and emotional recognition in individuals with
ASD, enhancing communication and social engagement.'*®
Oxytocin IN has also shown potential in mood disorders, for
example, in reducing post-traumatic stress disorder (PTSD)
symptoms by modulating stress responses and enhancing
emotional processing.'*® However, further research is required
to establish its definite effectiveness in this area. It is also
associated with anxiolysis, reducing physiological reactions to
stress and fostering better emotional regulation in anxious
patients.’*® Other clinical applications include its use as an
adjunct treatment for schizophrenia, where it may improve
social cognition and emotional processing;'*®'*' in chronic
pain management, where it reduced pain severity"**> and in
dementia, where it has shown tolerability and safety.

However, current evidence suggests that IN oxytocin has
not consistently met clinical efficacy endpoints across various
trials. In a systematic review for its effectiveness against schizo-
phrenia, studies have reported mixed or null results in improv-
ing negative symptoms,*** while an RCT for Phelan-McDermid
syndrome by Fastman et al. (2021) indicated variability in
absorption and therapeutic effects.’*> Although some evidence
suggests that nasal oxytocin may reach the brain in relevant
amounts, these inconsistent outcomes imply that it has yet to
demonstrate robust, reproducible benefits in clinical settings,
despite the safety profile appearing generally favorable.
Oxytocin disperses broadly throughout the brain rather than
concentrating in areas that mediate its intended prosocial
effects.”*® This wide dispersion may be influenced by chal-
lenges such as incomplete BBB crossing and variability in
nasal passage uptake.'”” Consequently, the intended neuro-
modulatory impact may be diluted, and factors like peripheral
uptake or rapid clearance could further limit its central
efficacy.
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One strategy to improve brain BA of oxytocin is co-adminis-
tration with vasoconstrictors. This method has worked with
antidepressants, where vasoconstrictors reduced the absorp-
tion of the latter through the nasal vessels and increased its
retention time in the nasal mucosa.’*® Another example, adre-
naline, was co-administered with a castor oil-based gel matrix
formulation of quinidine to male Wistar rats. Adrenaline can
alter the absorption characteristics of P-glycoprotein substrate
drugs such as quinidine by reducing nose-to-blood absorption,
thereby allowing a greater amount of the drug to reach the
brain via the nasal pathways."* A clinical study by Yao et al.
(2023) demonstrated that the use of oxymetazoline pretreat-
ment effectively reduced peripheral concentrations of IN oxyto-
cin, enhancing its central effects without significantly increas-
ing peripheral side effects.'*® This illustrates the potential
benefits of utilizing vasoconstrictors to improve the targeted
delivery of oxytocin via the nasal route.

New strategies to enhance N2B oxytocin delivery, especially
through optimizing IN formulations, have gained traction. As
mentioned earlier, enhancing the mucoadhesive properties of
delivery systems can increase residence time in the nasal cavity,
thereby facilitating better absorption and BA."**'*! Using bio-
degradable polymers, such as chitosan or gelatin, to create oxy-
tocin-carrying nanoparticles significantly improved the stability
and encapsulation efficiency of the neuropeptide, ensuring
more effective CNS delivery.'*' Another advanced strategy is the
use of self-assembly of alkylated lysine-dendron oxytocin amphi-
philes.'** These dendritic structures enhanced peptide stability
and sustained pharmacological activity. Their amphiphilic
nature allows for effective self-aggregation in aqueous environ-
ments, leading to formation of nanostructures which can inter-
face better with nasal mucosa. These amphiphiles can also
form longer nanostrip structures, which may facilitate greater
ligand interactions at the nanostrip-solvent interface compared
to spherical structures. This enhanced interaction with oxytocin
receptors suggests that self-assembled amphiphiles could
provide a more efficient means of N2B oxytocin delivery, poten-
tially improving therapeutic outcomes (Table 2).'**

Employing the natural pathways for oxytocin delivery relies
on leveraging the olfactory and trigeminal neural pathways to
achieve a rapid reach to the brain. The use of IN sprays can effec-
tively utilize these neural routes for more efficient CNS transport,
evading first-pass metabolism."® Addressing inter-individual
variability in response to oxytocin can also improve delivery strat-
egies. Factors such as age, sex, and genetic predispositions may
also affect response, which can be crucial when designing
dosage regimens or individualized treatment protocols.'*®

These innovative strategies, including optimized formu-
lation, leveraging natural neural pathways, and individualized
treatment regimens, offer promising prospects for enhancing
the N2B delivery of oxytocin and their combination may ulti-
mately lead to its clinical translation.

Insulin

Insulin is a peptide hormone produced by the pancreas, regu-
lating glucose metabolism in the body. It facilitates glucose
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Table 2 Summary of strategies used in preclinical and clinical studies of intranasal oxytocin and insulin

Study type Oxytocin Insulin

Preclinical Highlighted strategies: biodegradable polymers (chitosan or Highlighted strategies: co-delivery of insulin with

studies gelatin) to create oxytocin-carrying nanoparticles'*" and self- protamine,'®® polysaccharide-peptide complexes stabilized

assembled of alkylated lysine-dendron oxytocin amphiphiles'*> around nanoemulsion droplets'>® administration by neo-

natal catheter for region-specific delivery either to olfactory
or respiratory region'>’

Clinical Clinical trials: Autism spectrum disorder,"?® post-traumatic Clinical trials: Alzheimers disease,'**'*> delirium,**®**’

studies stress disorder,"*® anxiety,"** schizophrenia;"**'*" chronic metabolic syndrome,*® obesity (possible)'*°

132 133

pain, ”~ and dementia

Strategy applied: co-administration with vasoconstrictor*>®

uptake by cells, helping to maintain normal blood sugar
levels. Insulin is essential for patients with diabetes, particu-
larly those with Type 1 diabetes who cannot produce insulin
naturally, and it also plays significant roles in various physio-
logical and cognitive processes. N2B insulin presents diverse
clinical applications, particularly in enhancing cognitive func-
tions, managing postoperative complications, offering neuro-
protection, and aiding metabolic health.

Nasal delivery of insulin offers advantages over other
administration routes, as it has limited systemic distribution
(approximately 3-8%), which reduces the risk of adverse reac-
tions. In a study using a streptozocin (STZ)-induced rat model
of neurodegeneration, which impairs cognition and memory
while increasing Af deposits, N2B insulin treatment resulted
in improved learning and memory performance in the Morris
water maze test. Treated rats also demonstrated enhanced
swimming speed and distance compared to control rats."*?

Insulin is also being studied for its potential to improve
cognitive functions in individuals with AD and mild cognitive
impairment (MCI). Clinical data indicates that it enhances
memory performance and may counteract the effects of neuro-
degeneration by improving brain insulin signalling and
glucose metabolism."**'** It has shown promise in reducing
the incidence of postoperative delirium, particularly in elderly
patients undergoing major surgery. Clinical studies indicate
that insulin can decrease the prevalence of delirium and regu-
late biomarkers associated with neuroinflammation."*®"*
Interestingly, emerging evidence suggests that N2B insulin
may also aid in treating olfactory dysfunction.

Insulin is most relevant in the treatment of metabolic dis-
orders. Its IN administration improves metabolic dysfunction
and insulin resistance, enabling better glucose control with
lower risk of hypoglycemia. This approach is beneficial for
patients with Type 2 diabetes or metabolic syndrome who
struggle with conventional insulin therapies.'*® It has also
been investigated for its effects on appetite regulation. Some
trials indicate that it reduces food intake and influences
reward pathways in the brain, suggesting possible applications
in obesity management."*’

However, several issues limit nasal insulin effectiveness.
One key problem is its low BA; due to its hydrophilicity and its
vulnerability to enzymes in the nasal cavity, only a fraction of
the dose reaches the brain in rats unless formulations are opti-
mized with permeation enhancers.'*® While it has shown
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Strategy applied: nasal spray pumps'*®

promise in early clinical trials by improving cognition in
patients with MCI and AD,""'*> more recent trials have
reported inconsistent outcomes, with some studies indicating
no significant slowing of cognitive decline."”® Although
insulin is safe and potentially effective in certain subpopu-
lations, the overall clinical results are mixed, and its efficacy
has not been universally established.'** Furthermore, there is
a potential risk of hypoglycemia at high doses, which under-
scores the need for carefully optimized dosing protocols, as
evidenced by a phase I clinical study.'**

Preclinical strategies described earlier for improving
insulin delivery may solve these clinical limitations. In par-
ticular, a study by Wu et al. (2023) involving co-delivery of
insulin with protamine seems feasible for clinical appli-
cations, since protamine is also FDA-approved.'> Another
paper involves the development of polysaccharide-peptide
complexes stabilized around nanoemulsion droplets, which
has shown promise for nasal delivery of insulin and pramlin-
tide.’>® The nanoparticles maintain stability in physiological
conditions while enhancing their mucosal penetration, utiliz-
ing both passive diffusion and endocytic uptake mechanisms.
The controlled release profile afforded is another advantage,
allowing for sustained delivery, potentially reducing adminis-
tration frequency, which is beneficial for chronic conditions
requiring consistent management such as diabetes and neu-
rodegenerative disorders.">®

Another strategy is using region-specific nasal adminis-
tration either to the OR or RR. This method was demonstrated
by Maigler et al. (2021), where they administered a small
volume (2.5 pul) of insulin detemir to C57BL/6 mice using a
neonatal catheter and Hamilton syringe.">” This technique was
developed using a 3D nasal cast made from CT scans of
murine skulls. The region-specific administration was carried
out by introducing the catheter 8 mm into the mouse nostril
for OR targeting and while it was introduced only 2 mm deep
for RR targeting. Peripheral bioactivity was then measured
using a glucose tolerance test where RR-administered insulin
detemir showed higher peripheral distribution compared to
that which was OR-administered. However, both methods still
showed significantly less distribution to the periphery com-
pared to SC-administered insulin detemir.”>” This novel
method caters to the significant avoidance of adverse risk reac-
tions such as hypoglycemia by careful delivery to the specific
nasal cavity region.

This journal is © The Royal Society of Chemistry 2026
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On the clinical side, three nasal pump-actuator designs
were evaluated for delivering a 400 IU mL ™" insulin solution by
analyzing droplet size distribution, plume geometry, spray
pattern, and in vitro deposition in a nasal cast."”® The design
with the best spray characteristics for N2B delivery (spray angle
of 30° to 45°; droplet size of 20 to 50 pm) enhanced deposition
in the nasal cast and was used in a pharmacological MRI study
in healthy male volunteers. Functional MRI revealed statistical
reductions in regional cerebral blood flow in insulin receptor-
rich areas (bilateral amygdala) after N2B administration of
insulin (160 IU) versus saline control. These findings align
with the anticipated impact of insulin on the brain and were
achieved with a straightforward nasal spray device and
formulation.*®

Recent advancements in N2B insulin formulation and
administration, particularly through innovative strategies dis-
cussed above, hold considerable potential for enhancing its
therapeutic efficacy in neurological conditions. Continued
exploration here will be pivotal for translating these findings
into clinical practice, ultimately benefiting conditions where
both metabolic and neurological regulations are compromised.

Regulatory hurdles in translation of
nose-to-brain therapies

The development of N2B nanomedicines for clinical use
encounters significant regulatory hurdles, particularly con-
cerning safety and efficacy validation. Key challenges include
demonstrating appropriate drug absorption through the nasal
mucosa, minimizing systemic side effects, and ensuring
effective drug deposition in target areas of the brain.'*'*® For
instance, FDA-approved nasal products exemplify successful
entries into the market, showcasing that IN delivery systems
are already used in treating several CNS conditions
(Table 3).'°*7'® However, achieving widespread clinical appli-
cation remains contingent upon overcoming the specific bar-
riers for N2B delivery mechanisms and ensuring consistent
patient outcomes. Possible solutions that contribute to over-
coming these regulatory challenges include local toxicology
studies such as mucosal irritation and nasal histopathology
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observations, as well as systemic ones such as neurobehavioral
testing.'® In addition, measurement of neuroinflammatory
markers would ensure that the formulation is not causing
untoward CNS inflammation.””® In terms of the medical
devices to be used, it is important to consider the relevant ISO
standards early in the development, such as ISO 13485, ISO
20072, and ISO 27427.'7%'7? Incorporating pharmaceutical
quality systems (ICH Q8-Q10) even at the start of basic studies
would be beneficial especially is the end goal is clinical trans-
lation, ensuring that product development is both scientific
and systematic.'”3*7*

Meanwhile, the Cuban NeuroEPO (NeuralCIM®) is an IN-
administered, neuroprotective, low-sialic-acid variant of recombi-
nant human erythropoietin (EPO) produced by the Center of
Molecular Immunology (CIM/CIMAB). Preclinically, NeuroEPO
was found to be transported via multiple potentially periocular
and mucosal routes, including olfactory and trigeminal path-
ways, CSF circulation, and vascular routes. It did not damage the
respiratory mucosa and was well-tolerated in short-term nasal
administration in rats."”>'”® NeuralCIM® has been approved as
a clinical treatment for AD, by the Cuban Regulatory Authority
(CECMED)."”” The ATHENEA RCT evaluated mild-to-moderate
AD patients. Safety endpoints included hematologic parameters
to confirm a lack of hematopoietic activity, as well as nasal toler-
ability and adverse event profiles. Efficacy endpoints in AD
cohorts encompassed cognitive scales, quality of life measures,
and general neuropsychological batteries to detect signals of cog-
nitive benefit and reported safety.”®'”® NeuralCIM® has not
received formal approval outside Cuba, but its development’s
rigorous efficacy and safety design could serve as a model for
meeting regulatory requirements.

Expert opinion and future perspectives

Selective brain delivery while avoiding peripheral exposure is
critical for certain biomolecules, insulin being the most classi-
cal example as we discussed above. Additionally, the brain
plays a vital role in regulating peripheral insulin sensitivity."
Consequently, researchers have explored brain-specific
delivery methods for insulin, including nanomedicine-based

Table 3 US FDA-approved intranasal medications with clinical indications for CNS conditions according to the FDA website (https://dps.fda.gov/

medguide; https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm)

Manufacturing Approval
Drug Dosage form company Clinical indications year Ref.
Nafarelin acetate (Synarel®) Metered spray  Pfizer Central precocious puberty (gonadotropin- 1990 161
dependent precocious puberty) in children

Nalmefene (Opvee®) Spray Indiovor Opioid overdose emergency treatment 1995 162
Midazolam (Nayzilam®) Spray UCB Inc Epilepsy in children and adults 2019 163
Diazepam (Valtoco®) Spray Neurelis Inc Epilepsy in children and adults 2020 164
Dihydroergotamine Metered spray  Impel Neuropharma Migraine in adults 2021 165
mesylate (Trudhesa™)

Zavegepant (Zavzpret™) Metered spray  Pfizer Migraine in adults 2023 166
Dihydroergotamine (Atzumi™)  Powder Satsuma Pharmaceuticals ~ Migraine in adults 2025 167
Esketamine hydrochloride Spray Janssen Pharms Depression in adults 2025 168

(Spravato®)
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approaches, which have been the focus of various comprehen-
sive review articles.'*>

Again, selective inhibition of enzymes such as carnitine pal-
mitoyl transferase 1A (CPT14) in the hypothalamus—without
affecting peripheral tissues—demonstrates the benefits of deli-
vering biomolecules like CPT1A inhibitors specifically to the
brain.'®' This approach minimizes peripheral exposure and
serves as a valuable example of brain-targeted delivery for
managing metabolic disorders related to energy balance dis-
ruption. We used a core-crosslinked polymeric micelle-type
nanomedicine platform allowing efficient delivery of a specific
CPT1A inhibitor that modifies brain lipid metabolism using
ICV.">'% Acknowledging ICV as an invasive brain adminis-
tration option, specifically for life-style related pathological
conditions such as obesity and diabetes, we began to explore
non-invasive delivery options, such as the IN route.

View Article Online
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Despite its advantages of being non-invasive, patient-
friendly, and effective technique for CNS drug delivery, several
factors hinder its effectiveness, including low nasal mucosal
permeability, the presence of proteases, and mucociliary clear-
ance (Fig. 3). In this work, we have outlined the beneficial
effects of both mucoadhesive and mucopenetrative strategies.
Existing literature on in vivo results shows that neither of the
two systems outperforms the other.'® The outcomes can vary
depending on factors such as the disease model, the targeted
area of the brain, and the therapeutics used. Investigating the
combination of mucoadhesive with mucopenetrative functions
in an optimal ratio within the same nanomedicine platform
could also be valuable.

For example, See et al. (2020) developed a liquid crystal (LC)
formulation consisting of C;;-monoglycerol ester (MGE) and
Pluronic® F-127 for the N2B delivery of tranilast, a lipophilic

Improvements in Experimental models

In vitro

@ Cell cultures (primary,

immortalized) + inserts

+ Advanced characterization

—>
methods (TEM, mechanical)

in vitro—in vivo
correlations
(vive)

Ex vivo

®
&> Olfactory nasal
mucosa
; isolation

Advanced formulations

e Mucoadhesive and
Mucopenetrative
systems

¢ Biomimetic
nanoparticles

ij

e Hematological analysis (HPLC)

e Animal models

In vivo

¢ Anatomy-based 3D-printed

nasal casts

Absorbance
(mAU)

2

=

¢ Nasal perfusate

« Imaging methods (PET, MRI, etc) (i« ‘?

> L

Clinical translation

Fig. 3 Schematic overview of recent advancements in nose-to-brain (N2B) drug delivery research, spanning from in vitro and in vivo models to
clinical applications. A range of in vitro and ex vivo systems have been developed to investigate the complexities of nasal drug delivery, particularly
regarding membrane permeation and drug transport across the nasal epithelium. These models enable controlled, high-throughput studies, offering
precise experimental control and mechanistic insights when combined with advanced optical and mechanical characterization techniques. In vivo
models remain the most physiologically relevant approach for evaluating the pharmacokinetics and pharmacodynamics of N2B delivery. Tools such
as in situ nasal perfusion, non-invasive imaging, animal models, and anatomically accurate 3D-printed nasal casts derived from human CT scans
provide valuable platforms with predictive capabilities. Efforts to establish in vitro—in vivo correlations (IVIVC) are ongoing, aiming to bridge labora-
tory findings with real-world drug deposition and absorption. Concurrently, significant progress has been made in developing advanced IN formu-
lations, including mucoadhesive, mucopenetrative, and nanoparticle-based systems optimized for N2B delivery. These technological and methodo-
logical advances are enabling the clinical translation of promising IN therapies—such as those based on oxytocin and insulin—by enhancing formu-
lation strategies and our understanding of delivery mechanisms.

82 | Nanoscale, 2026, 18, 66-89 This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02259b

Open Access Article. Published on 02 December 2025. Downloaded on 1/9/2026 4:21:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

drug.'® An H2 inverted hexagonal phase LC was formed,
which exhibited longer residence time in the nasal cavity and
higher brain-to-plasma concentration compared to a non-LC
control, which is similar in mechanism to mucoadhesive for-
mulations. However, when ethanol was added to the LC,
plasma Cp,,x and AUC increased ca. 10-fold to that of the orig-
inal formulation. The authors hypothesized that effective dis-
solution of tranilast in ethanol in combination with the mem-
brane permeation enhancer effect of MGE, as well as increased
formulation viscosity, may have favored drug absorption in the
respiratory epithelium rather than in the olfactory epi-
thelium."®® This further highlights the need to study the inter-
play between mucoadhesive and mucopenetrative properties of
different formulation components.

Furthermore, it is essential to establish a method for select-
ing the ideal drug carriers for mucosal delivery tailored to the
specific payload and therapeutic target. Gao et al. (2023) con-
ducted molecular dynamics (MD) simulations to analyze the
all-atom dynamic characteristics of interactions between
various delivery systems, focusing on their mucoadhesive and
mucopenetrative properties, as well as their interaction with
the nasal mucus protein MUCS5AC."®® They compared their
findings with experimental data from in vitro and ex vivo
mucosal penetration studies using four different nanoparticle
types. The authors claimed that there was a valid correlation
between the material properties predicted by MD simulations
and the delivery performance of the nanoparticles. These
insights into their molecular mechanisms with different
physicochemical properties may provide valuable information
for screening and optimizing nanomaterials suitable for nasal
delivery.

It is also critical to recognize that the biochemical nature of
the nasal mucosa—including the amount of mucin, mucus
turnover rate, and water movement within the mucus—can
vary between species, individuals, and even within the same
individual. For example, factors such as age, health con-
ditions, the presence of inflammatory molecules, or even the
surrounding environment can alter mucus function, ultimately
affecting transmucosal drug delivery.'®” Given these various
factors, utilizing artificial intelligence (AI) and machine learn-
ing (ML) for optimal material design may be a practical
approach provided that these variables are accounted for when
designing materials, planning experiments, interpreting the
results, and, most importantly, during translating laboratory
findings to the clinic.

We discussed the challenges associated with dosing volume
in the context of IN drug delivery in previous sections, along
with the issues related to mucociliary clearance, which signifi-
cantly limits the exposure time of active compounds. One
approach to address this limitation is to choose therapeutics
with high pharmacological potency and specificity, particularly
those that exhibit nanomolar to picomolar potency. Potent
molecules can allow for the administration of smaller absolute
doses, potentially enhancing therapeutic effectiveness despite
rapid clearance. In the field of nanomedicine, advanced for-
mulations that utilize specific materials or sophisticated nano-

This journal is © The Royal Society of Chemistry 2026
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structures can improve drug delivery by achieving very high
drug loading capacities while maintaining stability and vis-
cosity, both crucial for effective delivery. Implementing sus-
tained release mechanisms or designing systems that respond
to pathological stimuli—such as pH, glutathione, or tempera-
ture variations—can further enhance therapeutic effects by
prolonging drug release at the targeted site. Additionally,
developing innovative IN delivery devices capable of accurately
dispensing multiple micro-doses over extended periods—from
minutes to hours—could improve the patient experience.
These devices can be designed to deliver medication comforta-
bly, potentially increasing the cumulative dose that targets the
upper nasal cavity and optimizing therapeutic outcomes.
However, to fully realize the potential of IN delivery, it is essen-
tial to simultaneously address current challenges related to
material design and formulations, as well as advanced delivery
tools. This involves developing specialized spraying devices
that can improve drug residence time, creating biocompatible
nasal inserts with controlled release mechanisms, and design-
ing depot-forming gels with predictable degradability.
Establishing a robust communication framework between
specialists in materials design and device design is crucial in
this process. By fostering an environment where professionals
from both fields can actively collaborate, it is possible to
ensure that their respective processes align and enhance one
another. This collaboration allows materials experts to share
insights into the characteristics and performance of new
materials, whereas device designers can provide feedback on
how these materials perform in practical applications. This
synergistic relationship leads to the optimization of both
materials and devices, ultimately resulting in innovative solu-
tions that meet the challenges of N2B delivery.

In addition, results obtained from rodent models may not
always translate to higher species as expected. We have pre-
viously discussed the anatomical differences in the nasal
cavity between rodents and other mammals. A recent paper
expressed scepticism about the positive PK results from IN
administration in rodents reported by a significant number of
previous publications. Driedonks et al. (2022) highlighted that
the results from higher species, such as pig-tailed macaques
(Macaca nemestrina), may not be as optimistic.'®® In this study,
the authors examined the PK and biodistribution of Expi293F-
derived EVs labelled with a nanoluciferase reporter
(palmGRET) in pig-tailed macaques, comparing IV and IN
administration over a 125-fold dose range. The results indi-
cated that the N2B delivery of EVs was minimal in macaques
and suggested that the EVs may be retained in the nasal cavity,
preventing their distribution to other areas. Further investi-
gation revealed significant nanoluciferase activity in the nasal
lavage fluid, with very strong signals compared to the signals
observed in both simultaneously collected plasma and CSF.'®®

The authors also noted that the discrepancy between pre-
viously published data reporting high brain delivery of EVs via
the IN route and their findings of low brain distribution may
be due to the different sources of the EVs and the brain
disease models used. For example, models of brain injury
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(such as tumors, stroke, and morphine treatment) may
enhance the uptake of EVs compared to healthy animals.
Although IN delivery of EVs to the brain was not more efficient
than IV, the systemic exposure to peripheral organs such as
the lungs, liver, and spleen was still minimal with this
route.’®® This confirms that N2B delivery is the preferred
alternative in cases where systemic exposure may lead to off-
target effects.

On the other hand, a study by Sasaki et al. (2023) uncovered
more optimistic results using NHP models.'®® The authors
devised a combined system for N2B delivery which includes a
unique mucoadhesive powder formulation (drug substance
with the microcrystalline cellulose-containing Ceolus®) along-
side a specifically designed nasal device termed the “N2B-
system”. They then assessed the biodistribution of two model
drugs Texas Red-labelled dextranjyy, (TR-DEX) and domperi-
done. Their data on “N2B-system” efficacy showed a signifi-
cantly higher distribution ratio of the formulations within the
OR, as evidenced by both an in vitro study utilizing a 3D nasal
cast and in vivo experiments conducted with cynomolgus
monkeys (Macaca fascicularis). This contrasted favorably with
alternative nasal DDS, which primarily consisted of a proprie-
tary nasal powder device aimed at enhancing nasal absorption

and vaccination, as well as a commercially available liquid
189

spray.

Taken together, these findings underscore the novelty of
our review in highlighting how mechanistic nanomedicine
strategies, informed by experimental models and translational
insights, can directly improve N2B delivery. By integrating
recent technological advancements, careful nanomedicine
design, and translational considerations, researchers can over-
come current challenges in N2B delivery and enhance the
clinical effectiveness of CNS-targeted therapeutics (Fig. 3).
This comprehensive perspective, linking mechanistic strategies
to translational applications, represents a unique contribution
of this review.
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