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A B S T R A C T   

Despite the increasing global incidence of brain disorders, achieving sufficient delivery towards the central 
nervous system (CNS) remains a formidable challenge in terms of translating into improved clinical outcomes. 
The brain is highly safeguarded by physiological barriers, primarily the blood-brain barrier (BBB), which 
routinely excludes most therapeutics from entering the brain following systemic administration. Among various 
strategies investigated to circumvent this challenge, intranasal administration, a noninvasive method that by-
passes the BBB to allow direct access of drugs to the CNS, has been showing promising results. Nanotechnology- 
based drug delivery systems, in particular, have demonstrated remarkable capacities in overcoming the chal-
lenges posed by nose-to-brain drug delivery and facilitating targeted drug accumulation within the brain while 
minimizing side effects of systemic distribution. This review comprehensively summarizes the barriers of nose-to- 
brain drug delivery, aiming to enhance our understanding of potential physiological obstacles and improve the 
efficacy of nasal delivery in future trials. We then highlight cutting-edge nanotechnology-based studies that 
enhance nose-to-brain drug delivery in three key aspects, demonstrating substantial potential for improved 
treatment of brain diseases. Furthermore, the attention towards clinical studies will ease the regulatory approval 
process for nasal administration of nanomedicines targeting brain disease.   

1. Introduction 

Brain diseases, particularly brain tumors, Alzheimer’s disease (AD), 
Parkinson’s disease, etc., with escalating morbidity rates, intricate 
pathogenesis, and limited efficacy of available therapeutics, have posed 
a major challenge to global health [1]. Despite the increasing prevalence 
and economic burden of brain illness, there is still a dearth of drugs that 
successfully achieve clinical translation [2]. The biggest obstacle in the 
delivery of drugs to the central nervous system (CNS) lies in overcoming 
the blood-brain barrier (BBB) [3–6]. This extensive, multicellular and 
dynamic interface tightly controls the passage of various molecules from 
the vasculature into the extracellular space of the CNS, thereby safe-
guarding CNS homeostasis against toxins and pathogens. However, the 
existence of BBB also poses a hindrance for certain drugs and large 
biopharmaceutical molecules attempting to enter the brain [5,7]. 
Intraparenchymal, intracerebroventricular, or intrathecal injections 

offer the possibility of delivering drugs to the CNS directly, but these 
invasive routes are undesirable for long-term administration. The 
intranasal drug administration is a promising way that provides a non- 
invasive method of bypassing the BBB to potentially deliver various 
biologics to the CNS [8,9]. As an appealing alternative to traditional oral 
or parenteral routes for the direct delivery of drugs to the brain, intra-
nasal delivery has long been associated with several advantages, 
including ease of self-use, noninvasiveness, rapid onset of action, and 
high cerebral bioavailability. This is critical for diseases whose pathol-
ogy primarily involves the CNS (e.g., common brain disorders, lyso-
somal storage disease (LSD), etc.), as the nose-to-brain route of 
administration offers new thinking about bypassing the BBB and directly 
targeting lesion sites. A record of experience with approved formula-
tions based on intranasal delivery has been reported (Table 1), which 
paves the way for a new era in the treatment of neurological disorders. 

The nasal cavity possesses a unique set of anatomical features that 
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enable different designs to achieve satisfactory drug administration re-
quirements. The mucosal region, housing the olfactory and trigeminal 
nerves, facilitates direct and rapid drug entry into the brain. Moreover, 
the nasal-related lymphoid tissues harbor immune cells that can be 
harnessed for mucosal immune activation in the development of nasal 
spray vaccines [10,11]. Additionally, the abundant subcutaneous 
capillary network in the respiratory region enables swift systemic de-
livery of intranasal drugs, meeting both requirements for systemic 
therapy and facilitating indirect routes for brain disease treatment [12]. 
Despite all the above merits in nose-to-brain drug delivery, there still 
remain diverse challenges pertaining to the maintenance of drugs in the 
nasal mucosa before entering the brain, necessitating consideration of 
all the limiting factors during the development of therapeutics for this 
route. The limited administration volume of formulation, mucus layer, 
and epithelial barrier, are challenging obstacles that hamper the passage 
of drugs into the brain through the nose-to-brain route [13,14]. To 
combat all the obstacles, certain smart intranasal drug delivery systems 
have been built to address the factors for the effective treatment of 
various diseases and conditions in the CNS. Advancements in nano-
technological formulations for nose-to-brain delivery offer valuable 
opportunities for targeted and selective brain delivery which promotes 
drug accumulation in the CNS through increased nasal permeation 
[15,16]. Numerous drug-loaded nanocarriers have been tested success-
fully to overcome barriers encountered during nose-to-brain drug de-
livery so as to achieve improved efficacy and reduced systemic side 
effects [17–19]. 

Herein, we provide a comprehensive overview of nasal anatomy and 
discuss the intricate pathways involved in nose-to-brain transport. By 
enhancing our understanding of potential physiological barriers to 
effective nasal delivery, we provide a detailed summary of the barriers 
associated with nose-to-brain drug delivery in treating neurological 
diseases. Refraining from previous reviews that predominantly 
concentrate on diverse nanocarriers, our unique contribution lies in 
highlighting recent advancements in key nanotechnology-based studies 
that facilitate nasal drug delivery into the brain by overcoming mucosal 
and epithelial barriers while increasing drug accumulation at brain le-
sions. Furthermore, after an extensive discussion on the advantages and 
challenges of nose-to-brain drug delivery, we summarize both 
completed and ongoing clinical trials and studies investigating intra-
nasal treatments for brain diseases. We believe that this comprehensive 
analysis will contribute to a deeper understanding of nose-to-brain drug 
delivery mechanisms and inspire future research aimed at improving 
treatment strategies for brain diseases. 

2. Pathways of nose-to-brain transport 

2.1. Anatomy of the nasal cavity 

To investigate the nose-to-brain drug delivery pathways, it is 
imperative to gain a comprehensive understanding of the intricate 
anatomy of the nose. The nasal cavity, responsible for the humidification 
and warming of inspired air as well as dust adsorption, is the major 
structure of the nose. It is supported by bone and cartilage and lined with 
mucous membranes. Vertically divided into left and right cavities by the 
nasal septum, the total area of both cavities measures approximately 
150–160 cm2 [20]. Each cavity can be further categorized into three 
distinct regions: vestibule, respiratory region, and olfactory region 
[21,22]. The vestibular area is covered by squamous epithelium con-
taining sweat and sebaceous glands with limited surface area for drug 
absorption [8]. The respiratory region consists of basal cells, goblet cells, 
non-ciliated columnar cells, and ciliated cells, collectively known as the 
ciliated pseudostratified columnar epithelium. The ciliated and 
columnar cells in this region possess numerous microvilli that greatly 
increase the surface area of the respiratory region to approximately 130 
cm2. Additionally, this region is highly vascularized, further enhancing 
its capacity for drug absorption into the bloodstream and systemic cir-
culation [13,21]. Importantly, innervation of the respiratory area by the 
trigeminal nerves provides a direct pathway for drugs to enter the CNS 
through the nasal cavity. The olfactory region in humans constitutes a 
minor fraction (approximately 10 cm2) of the total surface area of the 
nasal epithelium. It consists of a pseudostratified columnar epithelium 
located in the upper part of the nasal cavity and plays a crucial role in 
regulating the sense of smell [22,23]. Positioned beneath the cribriform 
plate of the skull, this area connects the nasal mucosa directly to the 
brain. Olfactory receptor neurons within this area are bipolar neurons 
responsible for transmitting information from epithelial cells to the ol-
factory bulb [13,22,24]. Drugs can travel through axons via olfactory 
filaments formed by the olfactory nerve and pass through sieve plates to 
reach the olfactory bulb in the cerebral cortex before reaching the CNS. 

2.2. Nose-to-brain transport pathways 

The entry of drugs into the brain via the nasal cavity can be divided 
into direct path and indirect path. In the direct pathway, drug molecules 
can bypass the BBB by entering the CNS through either the olfactory or 
trigeminal nerves in the nasal cavity. This process may take place either 
by intracellular or extracellular pathways, i.e., paracellular pathway and 
transcellular pathway. While, in the indirect pathway, drug molecules 

Table 1 
Commercially available nasal preparations for the treatment of brain disease.  

Drug Active ingredient Indication Time to 
market 

Company 

OPVEE Nalmefene hydrochloride For the emergency treatment of opioid overdose 2023-05-22 Indivior Inc. 
Dexmedetomidine Hydrochloride Nasal 

Spray 
Dexmedetomidine 
hydrochloride 

For the preoperative sedation/anti-anxiety 2023-03-15 Shanghai Hengrui 
Pharmaceutical Co., Ltd. 

ZAVZPRET Zavegepant hydrochloride Migraine with or without aura 2023-03-09 Pfizer Inc. 
VALTOCO Diazepam Acute treatment of intermittent, stereotypic 

episodes of frequent seizure activity 
2020-01-10 Neurelis Inc. 

NAYZILAM Midazolam Acute treatment of intermittent, stereotypic 
episodes of frequent seizure activity 

2019-05-17 UCB Inc. 

SPRAVATO Esketamine hydrochloride Depression 2019-03-05 Janssen-Cilag International NV 
ONZETRA Xsail Sumatriptan succinate Acute treatment of migraine with or without aura 2016-01-27 CurraxTM Pharmaceuticals LLC 
Instanyl Fentanyl Moderate to severe pain 2009-07-20 Takeda Pharma A/S 
Zomig Nasal Zolmitriptan Acute treatment of migraine with or without aura 2002-7-08 Grünenthal GmbH 
BUTORPHANOL NASAL SPRAY Butorphanol tartrate Moderate to severe pain 2000-08-01 AA PHARMA INC. 
IMIGRANE 20 mg/0,1 ml, solution pour 

pulvérisation nasale 
Sumatriptan Migraine with or without aura 1997-06-10 Laboratoire GLAXOSMITHKLINE 

MIGRANAL NASAL SPRAY 4MG/ML Dihydroergotamine 
mesylate 

Migraine with or without aura 1996-11-5 SteriMax Inc. 

NICOTROL Nicotine For the relief of tobacco withdrawal symptoms 1996-03-22 Pfizer Inc. 

www.yaozh.com. 
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are absorbed into systemic circulation through capillaries present in the 
nasal mucosa and subsequently gain access to CNS by crossing BBB 
(Fig. 1). 

Drugs can be transported directly through the olfactory nerve, via the 
olfactory bulb into the olfactory cortex, and then into the CNS. There are 
two major ways that substances can be transmitted via olfactory nerve 
fibers, namely intracellular and extracellular pathways, the latter of 
which can be further divided into paracellular transport and trans-
cellular transport. The intracellular transport pathway, also known as 
the intra-neuronal pathway of drug transport, is a little bit slow for drug 
transport from the nasal cavity to the CNS, taking hours or even days for 
drugs to reach their target. In this way, drugs are transferred from ol-
factory epithelial cells to olfactory sensory neurons by endocytosis, and 
delivered to the olfactory cortex through olfactory nerve cells [13]. In 
addition, drugs can be transported to the brain through the extracellular 
route, which is faster. In this pathway, drugs can be transported by 
transcellular transport and paracellular transport. Drugs can cross the 
olfactory mucosa and enter the CNS either by passing through sup-
porting cells (transcellular transport) or alongside them (paracellular 
transport). In both cases, drugs pass through the lamina propria [15]. 
Similar to the olfactory pathway, substances can also be transported via 
trigeminal nerve fibers through intracellular and extracellular routes. 
Drugs are either transferred from respiratory epithelial cells to periph-
eral trigeminal neurons through endocytosis, subsequently reaching the 
brain stem and entering the CNS via the trigeminal nerve, or they can be 
absorbed from the respiratory epithelium into the brain stem, where 
they gain access to ventricles and further penetrate the brain [14,15]. 

The indirect pathway is also called the systemic pathway, in which 
drug molecules can be absorbed by nasal submucosal capillaries and 
enter the systemic circulation rapidly. Compared to other mucous 
membranes in our body, the nasal mucosa exhibits faster absorption and 
helps avoid first-pass metabolism [14]. However, drugs entering the 
blood circulation must cross the BBB or blood-cerebrospinal fluid (CSF) 
barrier to reach the CNS. The ability of drugs to penetrate BBB via 
passive diffusion is influenced by their physicochemical properties, with 
lipophilicity being a crucial factor. Drugs that reach the lamina propria 
through the nasal epithelium but escape local absorption into the 

bloodstream and drainage within lymphatic vessels to the deep cervical 
lymph nodes may also enter the CSF and then enter the CNS [23]. 

3. Barriers of nose-to-brain drug delivery in treating 
neurological diseases 

The precise mechanisms underlying the transport of drugs from the 
nasal cavity to various regions of the CNS are under investigation. Sci-
entists have studied the intranasal pathway of PEGylated Fe3O4 nano-
particles (NPs) into the brain, where they found NPs initially traverse the 
nasal mucosa and enter both the perineural space of the trigeminal nerve 
and olfactory nerve. Subsequently, these NPs flow into the subarachnoid 
space along with CSF, with further dispersion to other CNS areas from 
these initial (Fig. 2) [25]. Hereby, intranasal administration of psycho-
pharmacological agents into the brain for the treatment of brain disor-
ders encompasses at least three sequential stages [23]. Upon entering 
the nasal cavity, drugs initially come into contact with the mucus layer 
and undergo removal by cilia in the superficial mucosal layer. Over-
coming challenges related to rapid mucus traversal, minimizing cilia 
clearance, and prolonging drug retention time in the nasal cavity are 
crucial for successful delivery to the brain. In quick succession, drugs 
that effectively traverse the mucus layer reach epithelial cells and enter 
the brain through intra− /extracellular pathways. Another significant 
challenge lies in efficiently crossing the epithelial barrier during nasal 
drug delivery. Once inside the brain, drugs exert their therapeutic effects 
on specific sites and targets. Enhancing drug targeting and retention at 
lesion sites while minimizing side effects represents a critical hurdle to 
overcome at this stage. Overall, nasal drug delivery systems for brain 
disorders encounter three major barriers, namely the nasal mucus bar-
rier, the nasal epithelial barrier, and the brain lesion site “barrier”. A 
thorough understanding of these barriers is essential in devising stra-
tegies that overcome these barriers to maximize delivery efficiency. 

3.1. Nasal mucus barrier 

Nasal mucociliary clearance, the most crucial physiological defense 
mechanism within the nasal cavity, constitutes the primary barrier 

Fig. 1. Schematic representation of the different pathways to the brain following intranasal administration.  
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influencing nasal drug delivery. The nasal mucociliary clearance system 
encompasses epithelial cilia and mucus secreted by goblet cells. The 
mucus itself consists of two distinct phases: a more viscous gel-layer 
positioned atop to ensnare inhaled particles and foreign pathogens, 
while beneath lies a less viscous sol-layer that intimately interacts with 
the cilia of the epithelium. This sol-layer serves to lubricate airway 
surfaces and facilitate effective ciliary movement for the efficient 
removal of mucus [26]. Under normal conditions, the mucus undergoes 
pulsation in a manner that facilitates coordinated movement of cilia 
within the sol-phase, transmitting momentum to the gel-phase through 
metachronous and synchronous motion with cilia. This mechanism en-
ables efficient transportation of mucus towards the drainage site, 
thereby facilitating the elimination of inhaled particles or irritants from 
the nasal cavity [27]. The mucus layer, characterized by reticular 
viscoelastic gelatinous structures, consists of cross-linked tangles of 
protein fibers derived from the mucin family. Serving as both structural 
and functional constituents within the mucus layer [28,29], mucins 
contain two subgroups, namely secretory mucins and cell membrane- 
associated mucins. Secretory mucins determine the viscosity of mucus 
and are the structural basis for the formation of intricate gel networks 
[30,31]. The chain molecules of these secreted mucins are linked by 
disulfide bonds and further stabilized by intermolecular non- 
glycosylation and non-covalent interactions such as Van der Waals 
forces, hydrogen bonding, hydrophobic interactions, and electrostatic 
interactions to form a hydrated mucin network. After intranasal 
administration, the drug initially undergoes clearance by the nasal 
mucociliary system, a process that diminishes drug uptake and restricts 
brain bioavailability. Because of the rapid renewal of mucus, the design 
of mucoadhesive NPs can increase their retention time within the mucus 
and increase their potential for brain transportation. However, within a 
certain timeframe, NPs will be eliminated if they fail to penetrate the 
mucus layer. Therefore, while the adhesion strategy partially prolongs 
NPs’ residence time in the mucosa, it also necessitates timely penetra-
tion of the mucus barrier before clearance. The key considerations in 
designing nose-to-brain drug delivery involve carriers’ capacity to tra-
verse the mucus layer efficiently while adhering to it, thereby reducing 
mucociliary clearance for optimal nose-to-brain transport. Conse-
quently, optimizing the interaction of the system with mucus to tran-
siently prolong drug retention in the nasal cavity, and augmenting 

mucus permeability on top of this are anticipated to enhance brain entry 
efficiency. 

3.2. Nasal epithelial barrier 

Another major challenge of nose-to-brain drug transport is the 
obstruction by the nasal epithelial barrier. Transport across the olfactory 
or respiratory epithelial barriers occurs either by intracellular or extra-
cellular pathways. In mice and squirrel monkeys, intranasally delivered 
native horseradish peroxidase has been shown to pass through open 
intercellular clefts extracellularly, in addition to intracellular uptake, to 
reach the olfactory bulb of the CNS [32]. The primary determinant of a 
given NP’s paracellular permeability is the presence of tight junction at 
the epithelial barrier. Drugs in the lamina propria subsequently enter the 
brain by passive diffusion or receptor-mediated endocytosis to complete 
transcellular transport, which is the major pathway for lipid-soluble 
molecules. The nasal delivery of NPs into the brain involves one or a 
combination of the above pathways. The intracellular pathway relies on 
cell-NP affinity and cellular internalization rate, whereas the extracel-
lular pathway is closely related to the presence of epithelial tight junc-
tions, extracellular spaces, or interstitial spaces between cells. 
Enhancing NPs’ ability to efficiently cross barriers between epithelial 
cells or neurons is key for improving nasal drug delivery efficacy into the 
brain. 

3.3. Brain lesion site “barrier” 

Once the intranasally administered substances reach the olfactory 
bulb or brainstem via the olfactory or trigeminal nerves, they then 
transfer to adjacent brain tissue or CSF for eventual distribution to other 
distal regions of the brain. To fully harness therapeutic effects, drugs 
need to be transported to focal sites, thus underscoring the significance 
of intelligent targeted drug delivery systems, which, through rational 
design, can facilitate drug accumulation at brain lesions and ultimately 
optimize therapeutic benefits and minimize side effects. Considering the 
characteristic pathological features of diseases such as AD, where toxic 
amyloid beta (Aβ) protein and Tau protein serve as both focal site 
markers and drug therapy targets, targeted delivery systems can be 
designed to reduce toxicity towards normal tissues [33]. Lesion 

Fig. 2. The intranasal pathway and major barriers for NPs to enter the CNS. (A) Distribution of Fe3O4@PEG-Cy5.5 NPs based on fluorescence imaging. (B) Pathway 
for intranasally delivered NPs to enter the brain. (OE: olfactory epithelium; ON: olfactory nerve; CP: cribriform plate; ET: ethmoturbinate; OB: olfactory bulb; CSF: 
cerebrospinal fluid). The white, orange, and green arrows were used to indicate the actual positions of olfactory mucosa, olfactory nerve, and olfactory bulb, 
respectively. Upon entering the nasal cavity, NPs initially encounter the mucus barrier. Subsequently, NPs that effectively traverse the mucus layer meet the epithelial 
barrier. Nano-systems exert therapeutic effects on specific lesion sites and targets. Once inside the brain, overcoming the brain lesion “barrier” becomes imperative. 
Reproduced with permission. [25] Copyright 2023, American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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targeting can also be achieved by exploiting surface receptors up- 
regulated by microglia, astrocytes, and other cells under pathological 
conditions [34]. In addition, based on the heterogeneous brain micro-
environment of different diseases such as inflammatory or acidic 
microenvironment, the nano-delivery system with focal responsive 
release can be designed to enhance efficacy while minimizing toxicity 
[35]. 

4. Nanotechnology-based strategies for enhanced nose-to-brain 
delivery 

The earliest clinical studies compared the drug administration via 
nasal and intravenous routes. The clinical trial involving 15 healthy men 
who received both intranasal and intravenous arginine-vasopressin 
revealed an augmentation in brain wave activity following intranasal 
administration [36]. Similarly, another clinical study involving 12 
healthy adults receiving both intranasal and intravenous angiotensin II 
reported comparable findings [37], with nasal administration demon-
strating a more rapid and direct CNS action, thus garnering increasing 
attention. Recently, nanomedicines have gradually emerged as one of 
the most promising drug delivery platforms for CNS therapeutics due to 
their functional attributes features associated with the nanoscale and 
material composition [38–40]. Despite the challenges encountered, 
nasal administration of nanotechnology-based systems remains the most 
auspicious alternative for effectively delivering therapeutic agents to the 
CNS. Several studies have shown that the nose-to-brain route exhibits 
superior efficiency for NPs than for solutions [41,42]. By addressing the 
three major barriers of nose-to-brain delivery for neurological diseases, 
nanotechnology can significantly enhance transport by transiently pro-
longing drug retention in the nasal cavity and augmenting mucus 
permeability to overcome the mucus barrier, improving intracellular 
and extracellular transport to efficiently cross barriers between epithe-
lial cells or neurons, and increasing brain focal accumulation via 
receptor-mediated focal targeting as well as pathologic responsive drug 
release (See Fig. 5). 

4.1. Transporting across the nasal mucus barriers 

Most mucin glycoconjugates exhibit strong negative charges due to 
their high sialic acid and sulfate content, which stabilizes the system 
[43,44]. This means that positively charged NPs are more likely to 
interact with nasal mucus via electrostatic adsorption. Similarly, tar-
geting the hydrophobic non-glycosylated regions of mucins using hy-
drophobic interactions increases their interaction with hydrophobic 
NPs. The mucus layer prevents exogenous agents from directly con-
tacting the epithelial cells, acting as a protective mechanism, but ac-
celerates the rapid clearance of drugs from the body via nose-to-brain 
delivery. The interaction between NPs and the mucosal barrier cannot 
be ignored when designing nose-to-brain drug delivery systems. Specific 
optimization for nasal formulations is required to design NPs with 
appropriate mucosal adhesion or penetration properties, which are 
essential for overcoming the mucus barrier and achieving enhanced 
nose-to-brain delivery. 

4.1.1. Increased mucus adhesion 
Considering the aforementioned, mucoadhesion appears to hold 

promise as a viable approach for overcoming nasal mucus barriers. 
Mucoadhesion aims to lengthen the residence time of drugs at mucosal 
sites via increasing interaction with mucin in order to increase the 
likelihood of transport into the brain. Three main mechanisms can be 
employed to enhance mucus adhesion based on mucin properties: 
electrostatic adsorption, covalent binding, and weak interactions be-
tween NPs and the mucus. 

Electrostatic adsorption is the most contemplated strategy. Due to 
the highly negative charge of mucins, positively charged carriers are 
prone to interact via electrostatic bonds with negatively-charged mucins 

in mucus, increasing the residence time of drugs in the nasal cavity. 
Solid polymeric NPs exhibit exceptional mucoadhesive properties owing 
to their easily engineered positively charged surface to confer the ability 
that bond with highly negatively charged mucins [8]. Chitosan is one of 
the most extensively used cationic polymers in nasal drug delivery and 
achieved remarkable success. Based on the assembly of chitosan and 
graphene quantum dots as smart components, Mostafavi et al. developed 
chitosan/quantum dots NPs as ultrasmall nanoplatforms using the 
microfluidic technique. The incorporation of chitosan acted as a smart 
mucoadhesive polymer that prolonged the residence time of NPs in the 
nasal cavity and prevented their clearance before absorbance, which 
greatly increased the efficiency of the brain target for AD therapy [45]. 
Sultana et al. developed chitosan-coated poly(lactic-co-glycolic acid) 
(PLGA) NPs for carmustine delivery using a double emulsion solvent 
evaporation technique for the treatment of glioblastoma via nasal route. 
The cationic charge over the NPs, attributed to chitosan, facilitated 
interaction with sialic acid on the nasal mucosa and transiently opened 
tight junctions. Consequently, these factors collectively enhanced drug 
penetration across the nasal mucosa and significantly increased drug 
accumulation in the brain following nasal administration [46]. Another 
research reported the role of coated chitosan in biodegradable PLGA NPs 
for enhanced nasal mucosa adhesion for antiepileptic hormone brain 
delivery [47]. Other nanomaterials, such as hydrogels [18,48], cationic 
liposomes [49], micelles [50], etc., are frequently engineered as carriers 
to increase mucosal electrostatic adhesion for nasal delivery. The pro-
longed retention of cationic PLGA NPs in comparison to the other four 
types of NPs indeed underscores the robust electrostatic interactions 
between cationic NPs and anionic sialic acid and glycosaminoglycans 
present in the mucin [51]. 

Moreover, since mucins are rich in cysteine residues, NPs containing 
thiol groups are capable of forming covalent bonds with free sulfhydryl 
groups to achieve mucosal adhesion, for instance, thiolated chitosan 
micelles [52], thiolated carboxymethyl β-cyclodextrin [53], thiolated 
microspheres [54] were used as controlled drug delivery carriers with 
improved mucoadhesive properties. For example, thiolated chitosan 
hydrogel was selected in a study for incorporation with liposome for 
intranasal delivery of donepezil HCl, an anti-Alzheimer drug, in rabbits. 
The intranasal delivery of donepezil HCl through thiolated chitosan 
hydrogel resulted in a 107% increase in the mean brain content of the 
drug compared to the free form, which suggested that thiolation of 
transnasal vehicles holds promise as a nasal delivery device to improve 
brain drug bioavailability [55]. 

Additionally, weak interactions, which means that hydrogen 
bonding, van der Waals bonding, and hydrophobic interaction, also 
strengthen the mucosal adhesion. Highly glycosylated surfaces of mu-
cins, as well as glycoproteins on the surface of epithelial cells, enhance 
mucosal adhesion and promote NP internalization by the binding force 
between specific glycosylated surfaces and lectins. Lectin-mediated 
mucoadhesion provides specific biological interactions to enhance 
mucin adhesion. In our previous study, a multifunctional nanocarrier 
(Rapa@DAK/siRNA) was constructed for AD treatment based on Aleuria 
aurantia lectin and Aβ-binding peptide modified PEGylated dendrigraft 
poly-l-lysines via intranasal administration (Fig. 3). After administra-
tion, aleuria aurantia lectin, specifically binding to L-fucose located in 
the olfactory epithelium, endowed Rapa@DAK/siRNA with high brain 
entry efficiency to achieve high small interfering RNA of β-site precursor 
protein cleaving enzyme-1 (BACE-1) and rapamycin co-delivery into the 
brain. The multifunctional nanocarrier was verified to provide an 
effective intranasal avenue for combination therapy of AD [19]. To 
improve nose-to-brain drug delivery and reduce immunogenicity, 
odorranalectin was conjugated to poly(ethylene glycol)–poly(lactic-co- 
glycolic acid) (PEG–PLGA) NPs and its biorecognitive activity was 
verified by haemagglutination tests. With the specific binding ability of 
L-fucose located on the olfactory epithelium of nasal mucosa, odor-
ranalectin modification increased the brain delivery of NPs and 
augmented the therapeutic effects on Parkinson’s disease [56]. What’s 
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more, the ulex europeus agglutinin [57] and wheat germ agglutinin 
[58,59], which respectively bind with L-fucose residues and N-acetyl-d- 
glucosamine as well as sialic acid abundantly present in the nasal cavity, 
are other commonly employed lectins in adhesion reinforcement for 
nose-to-brain drug delivery systems. 

4.1.2. Enhanced mucus penetration 
Due to the rapid removal and renewal of mucus, which inevitably 

shortens their retention time, mucoadhesive NPs and certain drugs, such 
as nucleic acids and peptides, will be removed if they fail to reach the 
epithelial surface. Also, enzymatic degradation or exposure to different 
microenvironments can also contribute to their removal. Hence, it is 
critical for NPs to effectively penetrate the lower epithelium before 
being washed away from the administration site, even though good 
adhesion is still required to prolong the residence of NPs in nasal mucus 
for further NP uptake. To address this limitation, extensive research has 
been dedicated towards achieving rapid NP penetration across the 
mucus layer and maximally avoiding the interference caused by 
continuous mucus turnover during nasal administration. 

Regarding the NPs themselves, three crucial factors influencing 
mucus penetration can be summarized as particle size, hydrophilicity, 
and surface charge. The first consideration is particle size. Mucins cross- 
link with each other to form a mucus layer with a mesh structure, whose 
mesh pores range from ~200 nm. NPs with larger particle sizes are not 
able to be rapidly transported through the mucus barrier [60]. Secondly, 
hydrophobic areas increase the opportunity of interaction with hydro-
phobic regions of mucins. NPs featuring hydrophilic surfaces aid in 
reducing interactions with mucins and facilitate their penetration [61]. 
Finally, NP surface charge plays a pivotal role in mucus penetration. Due 
to the abundance of negatively charged groups in the mucin fibers, 
positively charged NPs inevitably become immobilized within the 
mucus through electrostatic binding, prolonging the retention time in 
the mucus. Although this reduces NP removal, at the same time, 
excessive negative charges also cause NPs to be trapped in the mucus 
due to unwanted repulsion and prevent their further transport into the 
brain. Henceforth, the simultaneous maintenance of particle size and 
moderate surface properties are essential for rapid mucus diffusion. 

Given the rapid mucus transport capacity of certain viruses to infect 
mucosal tissues, mucus-penetrating NPs can be engineered by drawing 
inspiration from nature. For example, in addition to their diminutive 
size and simplistic structure, viruses with high barrier permeability tend 
to have few exposed hydrophobic sites so that they can reduce in-
teractions with the hydrophobic regions of mucin fibers [61]. Nano-
materials on hydrophilic surfaces are frequently employed to reduce 
interactions with mucins and facilitate their penetration. Poly(ethylene 

glycol) (PEG) has emerged as the most popular hydrophilic polymers for 
modifying NPs [62]. The molecular weight [63,64], density [65], and 
the ratio of hydrophilic and hydrophobic units [66] of its coating will 
affect the diffusion of NPs in mucus and necessitate optimization and 
screening for specific applications. Despite increased permeability 
conferred by a hydrophilic shell, NPs with sufficient muco-inert coating 
would show undesirable cellular internalization and transport. Thus, in 
certain cases, nanoplatforms are modified to achieve an optimal “hy-
drophilicity/hydrophobicity balance” on their surface to maximize the 
mucus penetration effect. 

Similarly, careful consideration is also given to the surface charge of 
NPs to design NPs with superior mucus penetration capabilities. Prior to 
this, in order to understand the impact of different surface charges of 
NPs on their delivery from the nose to the brain, fluorescently labeled 
liposomes with varying surface charges and PEG modification were 
prepared using fluorescent dye-labeled liposomes, followed by ex vivo 
imaging analysis for observing their brain distribution (Fig. 4). At the 
same time, radioisotope (RI)–labeled liposomes were prepared for 
quantitative analysis. The results showed that positively charged NPs 
tended to be distributed in the forebrain and olfactory bulb, and nega-
tively charged NPs showed high distribution in the hindbrain under the 
same modifications. Conversely, neutral liposomes displayed distribu-
tion throughout the entire brain and spinal cord, and higher fluores-
cence intensity was observed than charged liposomes. For neutral 
liposomes, the presence or absence of modifications affected their sta-
bility in tissues, which in turn affected cellular uptake. All in all, neutral 
liposomes with modifications are more suitable as drug carriers for nasal 
delivery into the brain [67]. Inspired by mucus-penetrating viruses, 
whose distinguishing feature is the distribution of equal amounts of 
positive and negative charges on their surfaces, appearing electrically 
neutral [68], researchers designed NPs with balanced positive and 
negative charges to avoid the effects of electrostatic interactions with 
mucin. Amphiphilic ionic polymers show promising applications in 
penetrating mucus barriers. Chen et al. established a nanoplatform with 
various surface modifications, including PEG, poly(vinyl alcohol) (PVA), 
pluronic F127 (F127), and polydopamine (PDA), and systematically 
evaluated the mucus penetrability of these different NPs. Unmodified 
and PVA-modified PLGA NPs showed poor mucus penetrating ability, 
while the PEG and F127-modified NPs exhibited relatively satisfactory 
mucus penetrability but showed low epithelial cell uptake efficiency. In 
contrast, the zwitterionic surface feature of PLGA-PDA NPs facilitated 
rapid mucus penetration and enhanced cellular uptake, highlighting the 
sequential penetration of both mucus and epithelial barriers by zwit-
terionic modified NPs as a promising strategy to overcome mucosal 
barriers [69]. In recent years, the charge-reversal strategy has also been 

Fig. 3. Intranasal delivery of BACE1 siRNA and rapamycin by dual targets modified NPs for Alzheimer’s disease therapy. (A) Scheme of Aleuria aurantia lectin and 
Aβ-binding peptide modified DGL NPs for nasal administration. (B) The accumulation of NPs in the brain. Reproduced with permission. [19] Copyright 2022, 
Wiley-VCH. 
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explored for smart nanomedicine [70]. By design, initial NPs have a 
positive zeta potential enabling adhesion of the mucus layer. Peptides 
containing hydrophobic amino acids conjugated on their surfaces un-
dergo cleavage upon interaction, resulting in a neutral or negative zeta 
potential that facilitates their mucus penetration. This design will 
hopefully be used for nasal delivery to quickly overcome the mucus 
barrier into the brain. 

In addition to modification of the NPs themselves, mucus penetration 
can be accelerated by mucus modulation via mucus-modulating agents 

to improve NP delivery. Mucolytic agents are incorporated prior to or in 
conjunction with the NPs to augment their nose-to-brain transport. 
When cysteine and papain are attached to the NP surface, they can 
disrupt the peptide bonds of mucins, a combination that has been shown 
to increase their mucus permeability [71]. N-acetylcysteine, commonly 
employed, has been shown to facilitate nasal absorption of drugs due to 
its ability to cleave disulfide bonds between mucins [72]. 

Fig. 4. Fluorescence imaging of trigeminal nerve, brain, and spinal cord after intranasal administration of fluorescently labeled liposomes. Reproduced with 
permission. [67] Copyright 2022, Elsevier. 

Fig. 5. Summary of nose-to-brain drug delivery barriers and the nanotechnology-based strategies for enhanced nose-to-brain drug delivery.  
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4.2. Overcoming the nasal epithelial barriers 

After successfully crossing the mucus barrier, drugs reach the 
epithelial cells and transport across another barrier presented by the 
olfactory or respiratory epithelia occur either by intracellular or extra-
cellular pathways. Enhancing the transcellular efficiency, whether by 
augmenting intracellular transport or enhancing cellular uptake, as well 
as facilitating the paracellular pathway via modulating cellular junc-
tions, would promote NPs crossing the epithelial barrier and facilitating 
their intranasal transport into the brain. 

4.2.1. Enhancement of transcellular transport 
One of the most important pathways for nose-to-brain transport is 

transcellular transport via olfactory and respiratory epithelium, 
encompassing axons of the olfactory and trigeminal nerves as well as 
basal and Sertoli cells. Facilitating drug uptake by these cells can 
significantly improve the efficiency of nose-to-brain entry. The cell 
membrane, composed mainly of lipids and proteins, is a selective 
permeability barrier that regulates the entry into and out of substances. 
The phospholipids enriched in cell membranes are structures with polar 
head groups and nonpolar fatty acid tails and self-assemble into a bilayer 
structure with a hydrophobic hydrocarbon core. Substances enter cells 
either by active transport or passive diffusion across the lipid bilayer 
[73–75]. Strategies to enhance cellular uptake to facilitate transcellular 
transport can be achieved by designing delivery systems that transiently 
disrupt cell membranes or exploit the machinery responsible for regu-
lating transport across cell membranes, such as receptor-mediated 
endocytosis. 

The most prevalent approach to enhance cellular uptake involves 
perturbing cellular membranes transiently through the utilization of 
cell-penetrating peptides (CPPs). CPPs, the protein-transduction do-
mains, are short peptides capable of entering biological cells by a variety 
of mechanisms [76,77]. Arginine-rich cationic CPPs are able to form 
hydrogen bonds with carboxylic acids and phosphates on cell mem-
branes, thereby enhancing transcellular transport via mediating endo-
cytosis of NPs through macropinocytosis. Co-administration of CPPs 
with carrier systems, along with covalent modification of CPPs on the 
surface of NPs, can both significantly enhance the transcellular transport 
of NPs. Co-administration of CPPs with carrier systems represents a 
straightforward method to augment transmembrane transport. Our 
previous study found that co-administration of CPPs and NPs increased 
the number of NPs transported through the nasal cavity to the brain 
following intranasal administration [78]. Takeda-Morishita et al. coad-
ministered the CNS-related insulin and CPP to mice via intranasal rote. 
As a result, insulin coadministered with CPP reached distal regions of 
the brain, including the cerebral cortex, cerebellum, and brain stem. 
This demonstrated nasal delivery of pharmaceuticals to the brain can be 
facilitated by increasing cellular uptake of drugs by the supporting and 
neuronal cells [79]. Unlike the co-administration approach, the system 
of which is separate, the covalent strategies, where penetrating peptides 
were directly linked to NPs, have also been widely developed for nasal 
delivery [80]. Researchers enveloped CPP DP7-C with hyaluronic acid 
(HA) and developed a multifunctional core-shell structure nanomicelles 
HA/DP7-C for nose-to-brain delivery of siRNA for glioma therapy. In 
vivo experiments indicated that siRNA was effectively delivered to the 
CNS by HA/DP7-C through the trigeminal nerve pathway within hours 
after intranasal administration. The DP7-C used as the siRNA delivery 
carrier improved the efficiency of siRNA delivery from the nose to the 
brain and prolonged the survival time of tumor-bearing mice [81]. Lee 
et al. conjugated resveratrol (RSV) to an amphiphilic α-helical leucine 
(L)- and lysine (K)-rich CPP (LK) and intranasally delivered it to nasal 
epithelial cells to treat chronic rhinosinusitis with nasal polyps. The RSV 
conjugates penetrated the nasal epithelium and efficiently inhibited 
epithelial-mesenchymal transition, nasal polyp formation, and related 
inflammation in mice. With the ability to overcome the tight nasal 
epithelial barrier, this CPP-based delivery system provided a new option 

for the treatment of localized nasal diseases with minimum systemic side 
effects [82]. By adding CPP and penetration accelerating sequences into 
the design, a glucagon-like peptide-2 derivative can not only be taken up 
into cells but also be transported out of the cells. As a result, enhanced 
cellular uptake and promoted endosomal escape mediated by CPP were 
achieved, enabling direct translocation of glucagon-like peptide-2 from 
the nose to the brain [83]. 

Indeed, nasal epithelial cells express a variety of receptors. Strate-
gically designed approaches that selectively bind to these receptors 
involved in NP transcellular transport can augment the transmembrane 
translocation of NPs by receptor-mediated endocytosis to overcome the 
epithelial barrier. Transferrin receptor is ubiquitously expressed in 
human tissues [84,85]. Previous studies have shown that transferrin is 
highly expressed in the human nasal cavity, leading to the widespread 
utilization of transferrin-modified nano-delivery systems for nasal drug 
delivery due to their ability to exploit endocytosis mediated by the 
interaction between transferrin and its receptor. Transferrin-decorated 
chitosan NPs were used to assess the passage of model proteins 
through the nasal epithelial barrier by Olivia M. Merkel and his col-
leagues. Transferrin-decorated NPs exhibited faster passage through the 
epithelial cell layer, as well as increased cellular internalization into 
glioblastoma cells compared with unmodified NPs. Moreover, it was 
observed that NPs with a higher density of surface targeting ligands 
displayed greater cellular uptake in human nasal epithelial cell lines 
[86]. Another frequently used targeting moieties is lactoferrin. Due to 
high expression levels of the lactoferrin receptor in neurons and nose 
endothelial cells, modification of lactoferrin may achieve dual targeting 
effects of the nasal mucosa and brain in the construction of nasal drug 
delivery systems [87]. For example, Liu et al. reported that an enhanced 
therapeutics accumulation was observed in large regions of rat brain 
such as the cerebrum, cerebellum, olfactory tract, olfactory bulb, and 
hippocampus after intranasal administration of lactoferrin-modified 
NPs, which confirmed the significant role that lactoferrin plays in the 
nose to brain entry [88]. In addition, the combined construction of nasal 
drug delivery NPs by the increased mucosal adhesion via N-trimethy-
lated chitosan and the lactoferrin-mediated enhancement of trans-
cellular transport achieved even stronger nose-to-brain entry efficiency, 
presenting a promising strategy against AD [89]. 

4.2.2. Promotion of paracellular pathway 
Epithelial junctions, including tight junctions, adherens junctions, 

and desmosomes along with gap junctions, are arranged on lateral sur-
face of epithelial cells and engage in crosstalk through protein-protein 
interaction and signaling cascades, all of which contribute to the 
establishment and maintenance of paracellular barrier [90]. Among 
them, tight junctions composed of three primary constituents of trans-
membrane proteins namely claudin (CLDN), occludin (OCLN), and 
junctional adhesion molecules (JAMs), as well as adherens junctions 
represented by E-adhesins, are the main barriers for drug transport 
through paracellular pathway [91,92]. Tight junction modulators acting 
on these components promote drug transport into the brain via para-
cellular pathway and have been used in the development of formulations 
for nasal delivery. 

Tight junction modulation encompasses non-specific modulators, 
such as surfactants, chitosan, bile salts, fatty acids, and specific modu-
lators target specific components, such as the regulators targeting 
cytoskeleton, enzyme, occluding, claudin, etc. [90]. For the treatment of 
viral infections, intranasal mRNA vaccination offers a flexible and 
convenient approach. However, effective delivery of antigens to nasal- 
associated lymphoid tissues remains challenging due to the limitations 
of the nasal epithelial barrier. To address this issue, a potent intranasal 
mRNA vaccination system based on polymer for HIV-1 treatment was 
synthesized containing cationic cyclodextrin-polyethylenimine 2 k 
conjugate (CP 2 k) complexed with anionic mRNA encoding HIV gp120. 
As a result, by reversibly opening tight junctions in the nasal epithelium, 
CP 2 k contained in the delivery system not only facilitated the 
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paracellular delivery of mRNA but also minimized the absorption of 
toxins present in the nasal cavity [93]. In June 2023, a New Drug 
Application for Diazepam Nasal Spray was approved by China’s Na-
tional Medicinal Products Administration (NMPA) for the acute treat-
ment of patients with epilepsy aged 6 years and older. The n-dodecyl- 
beta-D-maltoside (DDM), a nonionic surfactant and absorption 
enhancement agent used in the formulation, promotes the transmucosal 
bioavailability of drugs. The results showed that diazepam nasal spray is 
effective in treating seizure clusters [94]. DDM has also been utilized to 
enhance the nasal absorption of nalmefene hydrochloride [95]. The 
carbomer-based gel can extend the residence time of the drug delivery 
system in the nasal cavity to further enhance paracellular transport ef-
ficiency for the treatment of insomnia [96]. Targeted modulation of 
specific proteins involved in tight junctions has also undergone exten-
sive investigation in recent years [97,98], and this strategy allows for 
reversible tight junction opening and facilitating drug paracellular 
transport to increase nose-to-brain delivery. Rational design, material 
syntheses, and combinatorial libraries have proven invaluable in 
yielding reagents that enhance paracellular pathways via precise tight 
junction targeting to increase nose-to-brain drug delivery, offering re-
searchers with a range of material-based choices with distinct advan-
tages depending on the application. Nevertheless, since the epithelial 
barrier is a defense barrier against microorganisms and harmful patho-
gens, when applying tight junction modulators, the impact on the 
epithelial barrier after administration should be addressed in a 
comprehensive manner to improve the efficacy of nasal drug delivery 
while ensuring safety. Rats are predominantly employed in the current 
research models for nasal drug delivery. Although nasal administration 
of nanosystems targeted to the brain has demonstrated enhanced effi-
cacy in treating brain diseases, it is important to consider that humans 
possess a relatively smaller area of olfactory epithelium compared to 
rats, which could potentially impact drug absorption through the ol-
factory epithelium [99]. Therefore, prior to initiating clinical studies, it 
is necessary to evaluate the effectiveness of intranasal formulations in 
animal models that closely resemble the structure of the human nasal 
cavity. 

4.3. Improving drug accumulation in brain lesions 

For the treatment of specific brain diseases, a suitable nose-to-brain 
delivery system, whether a modified drug or an NP carrier, should 
ideally have two functionalities—One to surmount nasal mucosal and 
epithelial barriers for brain entry, and another to target and penetrate 
the pathologically affected regions. NPs need to be precisely distributed 
to the main lesion sites after intranasal administration, such as brain 
tumors site, brain injury site, hippocampus, damaged neurons, 
dysfunctional microglia in AD, etc. to exert therapeutic effect so as to 
achieve precise treatment. 

4.3.1. Ligand-mediated brain lesion targeting 
Utilizing receptors that are highly expressed on the cell surface at the 

lesion site enables specific cell targeting and represents a promising 
strategy to enhance drug accumulation specifically at brain lesion sites. 
C-X-C chemokine receptor type 4 (CXCR4) is an alpha chemokine re-
ceptor specific for stromal-derived factor-1, which is overexpressed in 
tumor cells like glioblastoma [100]. CXCR4 serves as a targetable 
functional receptor for glioblastoma therapy. Ramasamy Paulmurugan 
and his colleagues adopted nasal delivery of miRNA-loaded CXCR4- 
engineered extracellular vesicles (eEVs) in orthotopic glioblastoma 
mouse models and observed the pattern of eEVs trafficking across the 
nasal epithelia into the intracranial compartment. The further enhanced 
specific glioblastoma targeting of EVs by modifying their surfaces using 
the CXCR4 manifested selective tropism towards glioblastoma cells to 
deliver their miRNA cargo. The accumulation of delivered miRNAs 
sensitized glioblastoma cells to temozolomide, resulting in prominent 
tumor regression and improved overall survival of mice [101]. Similar to 

stromal-derived factor-1, ephrin type-A receptor 3 (EphA3) is frequently 
overexpressed in tumor-initiating cells of glioblastoma but not in normal 
cells [102]. Thus, the EphA3 antibody, a low-toxicity non-fucosylated 
IgG1j monoclonal antibody, can further enhance glioma targeting via its 
specific interactions with EphA3 receptor. The NP systems that were 
modified with EphA3 antibody and loaded temozolomide for targeted 
GBM therapy via intranasal administration increased drug accumulation 
in the glioma site and enhanced treatment efficacy [103,104]. Exosomes 
are used as drug carriers for targeted therapy owing to the presence of 
specific receptors on their surface. Exosomes derived from mesenchymal 
stem cells were found to be able to accumulate in neurons in patho-
logical areas of the brain after nasal administration, indicating an active 
targeting effect of exosomes as carriers for nasal drug delivery 
[105,106]. A clinical trial was conducted recently to evaluate the safety 
and efficacy of allogenic human adipose mesenchymal stromal cells- 
derived exosomes (ahaMSCs-Exos) in patients with mild to moderate 
AD (NCT04388982). Notably, no adverse events were reported during 
the study period. In the medium-dose arm, there was a decrease of 2.33 
(1.19) in AD Assessment Scale-Cognitive section (ADAS-cog) scores and 
an increase of 2.38 (0.58) in the basic version of Montreal Cognitive 
Assessment scores at week 12 compared to baseline levels, indicating 
improved cognitive function. Furthermore, ADAS-cog scores continued 
to decrease by 3.98 points until week 36 in the medium-dose arm. 
Although no significant differences were observed in altered amyloid or 
tau deposition among the three arms, it is noteworthy that hippocampal 
volume exhibited less shrinkage to some extent in the medium-dose arm. 
These results indicate intranasal administration of ahaMSCs-Exos is safe 
and well tolerated, and larger-scale clinical trials are expected to be 
implemented to ascertain its efficacy [107]. 

Based on the characteristics of the disease lesion, targeting toxic 
proteins mediated by ligands can achieve both aiding drug delivery 
systems in localizing at target regions and exerting therapeutic effects 
through toxic substances removal. For example, in AD pathology, ce-
rebral Aβ accumulation has been identified as the central event, trig-
gering the following tau deposition, neuroinflammation, neuron and 
synaptic loss, and cognitive decline [108–110]. Investigators have 
constructed a series of intelligent nano-delivery systems targeting toxic 
Aβ for nasal drug delivery in AD treatment [19,111]. The design of dual- 
targeting NPs with the decoration of transcriptional activator protein 
and monosialotetrahexosylganglioside facilitated both NPs trans-
location across nasal epithelial cells and NPs binding to Aβ after entering 
the brain, which greatly improved NP retention at targetable AD brain 
lesions [111]. 

In addition to these prevalent brain disorders, the utilization of nose- 
to-brain delivery for precise brain lesion targeting is progressively 
demonstrating advantages in some rare diseases, specifically LSDs. The 
majority of LSDs arise from deficiencies in lysosomal enzymes, and this 
observation underpins the fundamental basis for most currently 
approved therapies involving enzyme-replacement therapy (ERT) 
[112]. Conventional ERT effectively mitigates lysosomal storage and 
disease pathogenesis in peripheral organs, but its efficacy in halting 
disease progression within the brain is limited due to low expression of 
receptors on BBB endothelial cells and parenchymal cells, as well as poor 
transport across the BBB. Wolf and colleagues have provided the first 
evidence that intranasal administration enabled therapeutic levels of a 
lysosomal enzyme to bypass the BBB [113]. For more precise lysosomal 
targeting, Tong et al. described a method that enhances the delivery of 
recombinant enzymes to the brain lysosome via nasal administration. In 
their study, intranasally administered iduronidase exhibited rapid brain 
penetration. The carrier utilized a guanidinylated form of neomycin 
(GNeo), which harnesses the high-affinity of GNeo to cell-surface hep-
aran sulfate proteoglycans and their ability to internalize macromolec-
ular cargo through micropinocytosis, resulting in sufficient enzyme 
delivery to lysosomes upon entry into the brain. These findings showed 
conjugation with GNeo enhanced the efficacy of intranasal ERT in the 
brain [114]. By modulating the structural characteristics of 
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guanidinylated glycosides or the linkers connecting glycosides and 
cargoes, we can further engineer transporter proteins with additional 
desirable attributes to achieve precise delivery in various organelles via 
nose-to-brain delivery. This advancement is anticipated to be instru-
mental in developing targeted therapeutics for a broader range of rare 
diseases. 

4.3.2. Pathologic responsive drug release 
While the aforementioned targeting approach involves drug mole-

cules or NPs with disease-specific targeting ligands, other nasal drug 
systems can be triggered by brain environmental stimuli to achieve 
localized drug release and accumulation in brain lesions. In most 
neurodegenerative diseases, disruptions in brain physiology create an 
abnormal local environment that can be harnessed for environmentally 
responsive drug delivery. NPs can be engineered to respond to unique 
cellular conditions associated with brain pathology environment, 
including low pH, high metal ion level, hypoxia, inflammation, redox, to 
increase the release and accumulation of drugs in brain lesions following 
nasal administration. 

In terms of pH, the acidic environments generated by inflammatory 
and tumor sites can be taken advantage of by incorporating pH- 
responsive components into the drug system. The incorporation of 
acid-cleavable bonds and acid-sensitive materials can be attributed to 
the hydrolysis of acid-labile bonds or protonation of ionizable groups. 
The acid-cleavable bonds display accelerated hydrolysis in low pH en-
vironments, while the pH-responsive amine-bearing polymers exhibit 
increased solubility under an acid environment [115]. In a “nano- 
courier” system designed for delivery of acetylcholine and melatonin by 
complement component 5a (C5a)-targeted aptamers, amino-modified 
aC5a aptamers were covalently crosslinked with poly (acrylic acid) of 
nanospheres by pH-sensitive amide bonds and both acetylcholine and 
melatonin were controllably released into the ischemic focus triggered 
by low pH in the ischemic regions, effectively attenuating reperfusion 
injury of ischemic stroke [116]. These response bonds are expected to be 
progressively developed for nasal drug delivery systems in the future to 
increase drug accumulation at the lesion site. Redox states occur as a lot 
of neurological disorders, especially in the hippocampus during AD 
[117]. As a result of oxidative stress, redox-triggered drug systems have 
been shown to enable site-specific brain drug release without perturbing 
homeostasis [118]. In addition to the inflammatory microenvironment, 
an imbalance in metal ion homeostasis is an integral factor in AD pa-
thology process. The abnormally high concentration of metal ions in the 
AD brain not only stabilizes neurotoxic Aβ plaques but also catalyzes 
reactive oxygen species formation and exacerbates neuroinflammation 
[119,120]. Recognizing the important role of zinc ions in AD patho-
genesis, Liu et al. first attempted to make use of the carboxylated pillar 
[5]arene supramolecular vesicles to alleviate zinc ion burden and ach-
ieve drug release at the lesion site. In their work, intelligent resveratrol- 
loaded supramolecular NPs with zinc ion responsive release capability 
were established to alleviate Aβ formation, oxidative stress, and 
microglial dysfunction. Through intranasal administration, resveratrol- 
loaded NPs not only modulated zinc ion-dependent Aβ aggregation 
but also realized zinc environment-responsive cargo release and further 
reprogramed dysfunctional microglia, which prevented spontaneous 
neuroinflammation and alleviated cytotoxicity [121]. Recently, 
mounting evidence has demonstrated the merit of bioresponsive de-
livery systems in the treatment of brain disorders [122–124]. In 
particular, these biomaterials sensitive to diverse biochemical signals 
hold promise as environment-responsive delivery systems for targeted 
nasal delivery. By precisely regulating cargo kinetics at specific sites of 
interest, bioresponsive carriers are expected to enhance therapeutic ef-
ficacy significantly while concurrently mitigating adverse effects. 

5. Advantages and challenges of nose-to-brain drug delivery 

As a non-invasive, effective, and alternative route of drug 

administration bypassing the BBB, intranasal administration has gained 
increasing attention in the treatment of brain disease. Some distinctive 
advantages of intranasal administration can be highlighted: (1) The 
nose-to-brain route allows for BBB avoidance through neuronal trans-
port, including olfactory and trigeminal nerves, resulting in higher CNS 
bioavailability while reducing drug dosage and minimizing peripheral 
toxicity. (2) In comparison to traditional oral administration, intranasal 
administration circumvents hepatic first-pass metabolism and gastro-
intestinal barriers, making it particularly suitable for acid- and enzyme- 
intolerant drugs, especially biopharmaceuticals such as proteins and 
peptides. (3) For acute illnesses requiring prompt treatment, the rapid 
onset of action associated with intranasal administration is appealing. 
Research has demonstrated that 125I-insulin achieves complete brain 
distribution within 30 min after nasal administration [125]. (4) Intra-
nasal administration offers unparalleled advantages in terms of clinical 
applications. Its non-invasive route of cerebral drug delivery, combined 
with its ease of administration, high patient compliance, and potential 
for self-medication, make it a patient-friendly and clinically significant 
route of drug delivery, which is particularly convenient for patients 
undergoing long-term therapy as well as those with gastrointestinal 
disorders and dysphagia. 

Despite the numerous advantages of intranasal administration, the 
fact remains that its development also encounters some challenges: (1) 
The limited nasal cavity size and absorption area impose constraints on 
the volume of drug formulation that can be administered, which 
significantly curtail the applicability of delivery. Of particular concern is 
the olfactory region, which not only possesses a small surface area 
(~5–10 cm2) but is also situated in the upper posterior part of the nasal 
cavity. Consequently, precise targeting of this region determines both 
dosage and efficacy when delivering drugs to the brain. (2) The muco-
ciliary clearance prevents toxins and other foreign particles from 
entering the body, resulting in poor drug retention after nasal admin-
istration. Overcoming mucosal barrier represents an initial challenge for 
successful nasal drug delivery. (3) The animal model used poses limi-
tations during the transition from the laboratory to the clinic. Rodents 
are commonly employed as test subjects in current preclinical studies; 
however, despite broad similarities between rodents and human nasal 
structures, there exists a significant disparity in terms of olfactory 
epithelium proportion. Laboratory rats possess olfactory epithelium 
occupying 50% of their nasal surface area compared to just 10% in 
humans [126]. This substantial difference may lead to less favorable 
outcomes in actual clinical trials than those obtained in preclinical 
studies. (4) Nasal mucosal toxicity is a key parameter that must be taken 
into consideration in the development of nasal formulations. As the ol-
factory organ and part of the respiratory system, the physiological 
condition of the nose has a great impact on the quality of life. Most 
pharmaceutical substances and polymers/excipients, especially organic 
solvents and surfactants, are more or less likely to exert some toxic ef-
fects, irritation, or damage to the nasal mucosa, which need to be 
examined [13]. In this case, it is crucial to make full use of the advan-
tages and maximize the disadvantages in order to facilitate the clinical 
translation of nasal preparations. 

6. Clinical trials and on-going studies with nasal nano- 
formulations 

Since the initial patenting of nose-to-brain delivery by William H. 
Frey II in 1989, marking the first step towards clinical studies on this 
approach, over a dozen formulations for nose-to-brain delivery have 
been developed and approved for market [13]. Additionally, numerous 
drugs are currently undergoing clinical trials, as summarized in Tables 1 
and 2. These clinical trials are conducted on a broad spectrum of brain 
disorders. For example, the current clinical trial is conducted to assess 
the safety, tolerability, and efficacy of intranasal APH-1105 in adults 
diagnosed with mild to moderate AD (NCT03806478). Most clinical 
trials used absorption enhancers to improve nasal blood absorption and 
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thus increase the efficiency of brain penetration, such as DDM. In some 
clinical trials, customized nasal drug delivery devices were employed to 
facilitate drug delivery. Compared with the immense clinical application 
prospect and pharmaceutical market demand, there remains a scarcity 
of nasal drugs specifically designed for brain disease treatment. Notably, 
although several nanotechnology-based nasal formulations are being 
investigated, none have successfully achieved clinical translation thus 
far. 

In addition to the preparations already on the market and the clinical 
trials, there are a whole series of interesting ongoing studies that 
concern the use of this route of drug delivery for the treatment of 
neurological diseases. Nanosystems have been extensively investigated 
as viable alternatives to conventional dosage forms for drug delivery 
owing to their inherent advantages, including enhanced solubility, drug 
protection, targeted delivery, and controlled release [127–129]. 
Through the implementation of optimization strategies, such as fine- 
tuning physical properties and surface chemistry, modification of CPPs 
and target ligands, coating of EVs, gelation, and utilization of physical 

equipment assistance, numerous intriguing studies have reported the 
successful optimization of nanosystems for enhanced nose-to-brain drug 
delivery in their preliminary stages [130]. These optimized systems 
encompass a wide range of therapeutic agents including small chemical 
molecules, peptides, proteins, nucleic acids, and natural products. The 
carriers employed for this purpose comprise liposomes, nanoemulsions, 
micelles, dendrimers, and others. A list detailing typical intranasal 
administration nanosystems and strategies that how nanotechnology 
helps the successful nose-to-brain drug delivery can be found in Table 3. 
With an increasing number of researchers capitalizing on the unique 
advantages and rapid progress of nano-formulations fortunately, there is 
growing momentum towards developing nasal nanomedicine for brain 
disease therapy to facilitate the clinical translation of pioneering 
nanotechnology-based nasal formulations. 

7. Conclusion and outlook 

Nose-to-brain drug delivery represents a promising strategy to 

Table 2 
Clinical trials of nasal preparations for the treatment of brain diseases in the last five years.  

Drug Disease Title Phase State NCT number 

Human Insulin COVID-19-related smell loss Intranasal Insulin for COVID-19-related Smell Loss Phase 3 Completed NCT05461365  
Mild cognitive impairment; 
Cognitive impairment 

SNIFF Multi-Device Study 2 Phase 2 In progress NCT04199767  

Psychosis Effects of Intranasal Insulin on Neuroimaging Markers and 
Cognition in Patients with Psychotic Disorders 

Phase 2 Recruiting NCT03943537 

Oxytocin Prader-Willi syndrome Effect of Intranasal Oxytocin on Dysphagia in Children and 
Adolescents With Prader-Willi Syndrome 

Phase 2/ 
Phase 3 

Completed NCT05298085 

PTSD Brief Cognitive Behavioral Conjoint Therapy for PTSD With 
Adjunctive Intranasal Oxytocin 

Phase 2 Completed NCT05207436 

Prader-Willi syndrome Oxytocin Treatment in Neonates and Infants With Prader- 
Willi Syndrome 

Phase 3 Completed NCT04283578 

Agnosia Effect of Oxytocin Nasal Inhalation on Empathy Analgesia Phase 4 Not yet 
recruiting 

NCT05823441 

Chronic migraine A Study to Evaluate the Efficacy and Safety of TNX-1900 in 
Patients With Chronic Migraine 

Phase 2 Recruiting NCT05679908 

Binge-eating disorder A Study of the Effects of Oxytocin in Adults With Obesity and 
Binge-eating Disorder 

Phase 2 Recruiting NCT05664516 

Prednisolone Smell loss Preparation and Characterization Intranasal Film Loaded 
With Steroid as a Local Treatment of Anosmia in Compare to 
Insulin Intranasal Film 

Phase 1/ 
Phase 2 

Completed NCT05328414 

Mometasone Furoate Sleep-disordered breathing Intranasal Steroid as Medical Therapy For Sleep-disordered 
Breathing in Children 

Phase 4 Recruiting NCT05382494 

COVID-19-related anosmia Corticosteroid Nasal Spray in COVID-19 Anosmia Phase 3 Completed NCT04484493 
Glucagon Hypopituitarism Stimulation Test With Intranasal Glucagon for Corticotroph, 

Somatotroph, and Antidiuretic Axes 
Phase 4 Completed NCT05206149 

Theophylline Covid-19-related anosmia Smell in COVID-19 and Efficacy of Nasal Theophylline Phase 2 Completed NCT04789499 
Smell disorder Smell Changes & Efficacy of Nasal Theophylline Phase 2 Completed NCT03990766 

PH-94B Social anxiety disorder PH94B Nasal Spray for Anxiety Induced by a Public Speaking 
Challenge 

Phase 3 Completed NCT04754802 

Adjustment disorder with 
anxious mood 

PH94B in the Treatment of Adjustment Disorder With Anxiety Phase 2 Completed NCT04404192 

M2 Macrophage Soluble Factors Speech disorders in children Intranasal Inhalations of M2 Macrophage Soluble Factors in 
Children With Developmental Speech Disorders 

Phase 1/ 
Phase 2 

Completed NCT04689282 

B-244 Migraine Study to Determine Safety and Efficacy of B244 in Subjects 
With Episodic Migraine 

Phase 2 Completed NCT03488563 

Ropivacaine Hydrochloride 
Hydrate 

Migraine Sphenopalatine Ganglion Blocks RCT Phase 4 Completed NCT03666663 

Carbetocin Prader-Willi syndrome Phase 3 Study of Intranasal Carbetocin (LV-101) in Patients 
With Prader-Willi Syndrome 

Phase 3 Completed NCT03649477 

Olanzapine Acute agitation Safety and Tolerability of INP105 (Olanzapine by I231 POD® 
Device) Nasal Spray in Healthy Volunteers - SNAP 101 

Phase1 Completed NCT03624322 

Induced Pluripotent Stem Cell- 
Derived Exosomes (GD-iEXo- 
002) 

Refractory focal epilepsy Induced Pluripotent Stem Cell-Derived Exosomes Nasal Drops 
for the Treatment of Refractory Focal Epilepsy 

Early 
Phase 1 

Recruiting NCT05886205 

Human FGF-1 Parkinson’s disease Intranasal Human FGF-1 for Subjects With Parkinson’s 
Disease 

Phase 1 Not yet 
recruiting 

NCT05493462 

Ivermectin Anosmia Role of Ivermectin Nanosuspension as Nasal Spray in 
Treatment of Persistent Post covid19 Anosmia 

Phase 2/ 
Phase 3 

Recruiting NCT04951362 

APH-1105 Dementia; Alzheimer’s 
disease 

Study of APH-1105 in Patients With Mild to Moderate 
Alzheimer’s Disease 

Phase 2 Not yet 
recruiting 

NCT03806478 

https://clinicaltrials.gov. 
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overcome the obstacles imposed by the BBB, allowing non-invasive and 
direct access to selective neural pathways within the brain. This 
approach increases drug bioavailability while reducing systemic expo-
sure, and consequently elevates therapeutic index. Comparative studies 
comparing this route with intravenous or oral administration reaffirmed 
the advantages of rapid onset of action and high brain bioavailability of 
nasal administration [147,148]. Conventional antidepressants typically 
necessitate a duration of 4–6 weeks to attain complete efficacy in 
treating depression by targeting monoaminergic pathways. A clinical 
trial demonstrated that patients treated with esketamine nasal spray had 
a 1.54-fold higher likelihood of achieving remission after an 8-week 
period compared to those receiving quetiapine controls, providing 
compelling evidence for the short- and long-term effectiveness in man-
aging treatment-resistant depression. Esketamine spray exhibited rapid 
antidepressant effects through its antagonistic action on N-methyl-D- 
aspartate (NMDA) receptors [149]. Owing to the more efficient trans-
port from the nose to the brain, nanotechnology-based drug delivery 
systems have garnered the attention from researchers and clinicians for 
the delivery of various therapeutic agents. The versatile nature of 
nanoplatforms allows for precise customization of crucial characteristics 
such as size, shape, surface charge, and chemistry that govern their 
interaction with the nasal mucosa and cellular cues involved in this 
transportation process, facilitating improved nose-to-brain delivery. 
Numerous animal studies have demonstrated the ability of nano- 
biologics to effectively penetrate the brain through nasal administra-
tion, paving the way for a new era of long-term, non-invasive thera-
peutic approaches for neurological disorders [150,151]. 

Despite the consensus on the potential and benefits of nasal delivery 
for targeting the CNS and the relatively solid preclinical proof of concept 
with a wide range of nano-formulations, this therapeutic approach 

continues to face key issues, as evidenced by the limited number of 
ongoing clinical trials. Firstly, the successful development of nasal de-
livery formulations for brain disorders necessitates a complete under-
standing of brain distribution patterns, primarily involving drug 
exchange between parenchyma and CSF. In each specific target site 
within the brain region, precise knowledge regarding disease pathology 
and targeting factors is indispensable for designing effective nasal de-
livery systems. Secondly, for the study of pharmacokinetic responses in 
humans, the need for a harmonized methodology of evaluating phar-
macokinetic parameters, coupled with the elucidation of the mecha-
nisms underlying drug transfer from the nasal cavity to the brain holds 
vital importance for the development of suitable carriers that can target 
drugs to specific regions within the brain. Thirdly, as far as the design of 
nasal drug delivery is concerned, more efficient nanocarrier systems 
need to be designed for the restricted delivery volume, with a key focus 
on ensuring the safety of these carriers to avoid potential mucosal 
toxicity that could impede clinical translation. Of course, multiple as-
pects related to NP manufacturing such as ease of scale-up and long-term 
stability are also key parameters to be considered in the formulation. In 
this sense, synergistic interaction between industry, academia, and 
regulators is required. Lastly, given the intricate network of intranasal 
pathways outlined before, it is more difficult to consistently target nose- 
to-brain locations in the nasal cavity. To ensure reliable spray deposition 
and optimal bioavailability, consistent delivery angle is imperative. 
Meanwhile, the disparities in nasal anatomy between commonly used 
animal models (e.g., rodents) and humans, along with the quest for more 
appropriate animal models to enhance the correlation between pre-
clinical and clinical outcomes, as well as the development of suitable 
delivery devices for nasal drug administration, necessitate concerted 
efforts. 

Table 3 
Typical intranasal administration nanosystems studied for brain-targeted delivery against neurological diseases.  

Carriers Drugs Disease Strategies Refs 

Liposome Ligustrazine hydrochloride Cerebral 
malaria 

Utilize glucose transporter 1 as a target for brain-targeted liposomes [131] 

Nanostructured lipid 
carriers 

Rotigotine PD Surface modification by cationic polymer to prolong residence time in the nasal cavity [132] 

Liposome Basic fibroblast growth factor 
(bFGF) 

Stroke Novel gelatin-cored nanoliposomes improve nose-to-brain drug delivery [133] 

Liquid crystal Tranilast CNS disorders C17 monoglycerol ester is selected to increase NPs stability and drug absorption 
enhancement 

[134] 

Nanoemulsions Vinpocetine AD Nanoemulsion extends drug residence time in the nasal mucosa, facilitates drug 
penetration through the nasal epithelia 

[135] 

Micelles Antisense microRNA 
oligonucleotide 

Glioblastoma T7 peptide is used for targeting delivery and intranasal administration to preserve 
micelles 

[136] 

Micelles Liver X receptors agonist AD PEG coating for enhanced solubility and mucosal penetration [137] 
Polymeric NPs Camptothecin Glioblastoma Cell membrane-penetrating peptide modification promotes mucosal penetration [138] 
Polymeric NPs Tanshinone Cerebral 

ischemia 
Loading borneol helps across the nasal mucosa [139] 

Dendrimers BACEI siRNA and rapamycin AD Aleuria aurantia lectin binding to L-fucose located in the olfactory epithelium, KLVFF 
peptide used as Aβ targeting ligands 

[19] 

β-cyclodextrin NPs Interferon-β (IFN-β) Multiple 
sclerosis 

Chitosan provided favorable adhesion to mucosal surfaces to increase nasal absorption [140] 

Inorganic NPs Tarenflurbil AD The small diameter of the nanocarrier is utilized to facilitate the transcellular transport 
of the drug to the olfactory neurons 

[141] 

RAGE-antagonist peptide 
NPs 

Oligonucleotides antagomir-21 Glioblastoma Safe non-toxic carriers for enhanced brain delivery [142] 

Small extracellular 
vesicles 

Brain-derived neurotrophic 
factor (BDNF) 

Cerebral 
ischemia 

sEVs are used to reach the infarct region and exert neuroprotective effects in the 
ischemic brain through intranasal delivery 

[143] 

Exosomes Anti-microRNA 
oligonucleotide 

Stroke RAGE-antagonist peptide as a specific ligand for targeted delivery to hypoxic cells [144] 

Supramolecular vesicles Metal chelator and resveratrol AD Zinc ion responsive design to realize responsive drug release and enhance brain lesion 
accumulation 

[121] 

Cationic liposomal 
formulations 

mRNA – Cationic liposomal formulation protects mRNA from susceptible nuclease degradation 
and reduces nonspecific uptake by peripheral tissues 

[49] 

Hydrogel Albiflorin Depression Temperature-sensitive in situ hydrogels adhere to the nasal mucosa at body 
temperature and release icariin in a sustained manner 

[145] 

Human serum albumin 
NPs 

Quercetin AD Minimize systemic exposure to enhance brain accumulation [146] 

Microspheres Insulin Diabetes Utilize thiolated groups to provide high adhesive properties [54]  
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Here, we highlighted the promise of intranasal drug delivery by 
providing a summary of current applications and their unique advan-
tages over other routes of administration. These advantages underscore 
the unique opportunity provided by intranasal administration for 
repurposing existing therapies in novel ways. In particular, with regard 
to strategies aimed at augmenting intranasal drug delivery to the brain, 
we summarized the latest advancements in nanotechnology-based nose- 
to-brain drug delivery in treating brain disorders. We believe that this 
review will contribute to a clear understanding of nasal drug delivery 
mechanisms as well as to master research in enhancing nasal drug de-
livery into the brain for treating brain diseases. Undoubtedly, additional 
work is needed to elucidate the underlying mechanisms of this route and 
improve intranasal drug delivery techniques. With respect to future 
perspectives, new generations of nanocomposites with minimized 
neurotoxicity, improved drug-tracking capability, and enhanced speci-
ficity of these novel therapies against brain diseases are imperative to 
ensure accuracy and reproducibility for fulfilling the desire of clinical 
translation. 
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