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Abstract
Background Cranial nerve-related diseases such as brain tumors, Alzheimer’s disease, and epilepsy are serious diseases that 
continue to threaten human. Brain-related diseases are increasing worldwide, including in the United States and Korea, and 
these increases are closely related to the exposure to harmful substances and excessive stress caused by rapid industrialization 
and environmental pollution. Drug delivery to the brain is very important for the effective prevention and treatment of brain-
related diseases. However, due to the presence of the blood–brain barrier and the extensive first-pass metabolism effect, the 
general routes of administration such as oral and intravenous routes have limitations in drug delivery to the brain. Therefore, 
as an alternative, the nasal-brain drug delivery route is attracting attention as a route for effective drug delivery to the brain.
Areas covered This review includes physiological factors, advantages, limitations, current application status, especially in 
clinical applications, and the necessary factors for consideration in formulation development related to nasal-brain drug 
delivery.
Expert opinion The nasal-brain drug delivery route has the advantage of enhancing drug delivery to the brain locally, mainly 
through the olfactory route rather than the systemic circulation. The nasal-brain lymphatic system has recently attracted 
attention, and it has been implied that the delivery of anticancer drugs to the brain nervous system is possible effectively. 
However, there are limitations such as low drug permeability, as well as nasal mucosa and the mucociliary system, as obsta-
cles in nasal-brain drug delivery. Therefore, to overcome the limitations of nasal-brain drug delivery, the use of nanocarriers 
and mucoadhesive agents is being attempted. However, very few drugs have been officially approved for clinical application 
via the nasal-brain drug delivery route. This is probably because the understanding of and related studies on nasal-brain drug 
delivery are limited. In this review, we tried to explore the major considerations and target factors in drug delivery through 
the nasal-brain route based on physiological knowledge and formulation research information. This will help to provide a 
mechanistic understanding of drug delivery through the nasal-brain route and bring us one step closer to developing effective 
formulations and drugs in consideration of the key factors for nasal-brain drug delivery.

Keywords Nasal-brain · Drug delivery · Brain disease · Olfactory route · Lymphatic system · Nanocarrier

Introduction

Cranial nerve-related diseases have continuously threat-
ened human life. Neurological disorders in the brain range 
from migraine headaches to brain tumors, Alzheimer’s, 
dementia, Parkinson’s, and epilepsy. According to a recent 
report (Feigin et al. 2021), Alzheimer’s, dementia, and 
migraine were among the three most burdensome neuro-
logical diseases in the United States (US) from 1990 to 
2017. Approximately 16% of the US population (about 
20 million people) have brain impairment, with Alzhei-
mer’s and epilepsy the most common in adults, exclud-
ing stroke (Pal 2018), followed by Parkinson’s disease 
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and brain tumors (Pal 2018). Approximately 100 million 
people worldwide have neurological disorders, account-
ing for 20% of the total global disease burden (Aleya and 
Uddin 2020). The most common neurological disorders 
worldwide are Alzheimer’s, dementia, Parkinson’s, sei-
zures (related to epilepsy), and brain tumors (Aleya and 
Uddin 2020).

According to one study (Prince et  al. 2016), about 
47 million people worldwide have dementia, of which 
37 million have been diagnosed with Alzheimer’s. And 
approximately 5.5 million people in the US have Alz-
heimer’s and dementia, which was reported as the sixth 
highest cause of death in elderly people (Agrawal et al. 
2018). Unfortunately, Alzheimer’s and dementia-related 
deaths among the elderly in the US are expected to con-
tinue to increase by 2050, reaching 131 million (Agrawal 
et al. 2018). According to the Global Burden of Disease 
report (James et al. 2018), there were 1.2 million cases 
of Parkinson’s disease in 2017. And in 2016, 6.1 million 
people with Parkinson’s were reported worldwide, and the 
age-standardized prevalence increased by 21.7% between 
1990 and 2016 (Feigin et al. 2019). It is predicted that 
the burden due to Parkinson’s will increase significantly 
in the coming decades (Wanneveich et al. 2018). Accord-
ing to a report by the World Health Organization (WHO) 
(2022), approximately 50 million people worldwide have 
epilepsy, and approximately 5 million people are diag-
nosed with epilepsy each year. And it has been reported 
that the risk of premature death in people with epilepsy is 
up to three times higher than that in the general popula-
tion (WHO 2022). An estimated 700,000 people in the 
US currently live with brain tumors (NBTS 2022). And 
roughly 88,970 people are expected to be diagnosed with a 
brain tumor in 2022 (NBTS 2022). A recent study (Kratzer 
et al. 2022) reported that the US government has invested 
huge amounts of money (a total of $137.8 billion) each 
year since the National Cancer Act of 1971 began, and 
as a result, lung cancer mortality in 2019 was 44% lower 
than its 1993 peak. However, the incidence of death from 
brain cancer in 2019 was higher than in 1971 (Kratzer 
et al. 2022).

Cranial nerve-related diseases have common charac-
teristics that they have a fatal impact on the quality of life 
of patients and are difficult to cure. Moreover, the social 
and economic burdens of treatment and management are 
relatively high compared to other diseases. The reason for 
the increase in the incidence of cranial nerve-related dis-
eases is probably related to environmental pollution caused 
by rapid industrialization and the widespread exposure to 
harmful substances. Recent studies reported that exposure 
to harmful substances due to environmental pollution was 
associated with the occurrence of cranial nerve diseases. 
Exposure to air pollution, which causes chronic oxidative 

stress in the brain and nervous system, was reported as an 
important cause of Alzheimer’s disease (Aleya and Uddin 
2020). Exposure to heavy metals and pesticides from soil 
contamination can lead to degenerative brain disease and 
cancer by increasing cranial nervous system protein folding 
and aggregation (Aleya and Uddin 2020). Other factors asso-
ciated with the increased incidence of cranial nerve diseases 
may be aging and stress. The increase in the incidence of 
age-related cranial nerve diseases may be partially related 
to the life expectancy of humans, which has increased under 
the tremendous advances in medicine. In addition, continu-
ous exposure to various external stresses causes chronic 
oxidative damage and inflammation in the brain nervous 
system, which may lead to brain diseases.

The development of pharmacologically effective drugs 
to treat the increasing number of cranial nerve-related 
diseases has continued. One such example is the develop-
ment of drugs that inhibit acetylcholine esterase to relieve 
Alzheimer’s symptoms. Attempts have also been made 
to deliver developed therapeutic drugs to the brain. This 
is because local therapeutic drug delivery to the brain is 
considered a key factor in reducing side effects in other 
tissues and effectively controlling the pathogenesis of cra-
nial nervous system diseases. However, drug delivery to 
the brain has been limited by several major factors. There 
is a physical brain barrier called the blood–brain barrier 
(BBB), which blocks harmful substances from entering 
the brain. Therefore, when a drug is administered by oral 
and intravenous (IV) routes, which are common adminis-
tration routes, there is great difficulty in passing the drug 
into the brain through the BBB. Not only is it difficult 
for drugs to penetrate the BBB, which has a tight junc-
tion between cells, but also the amount of drugs that can 
reach the brain is limited due to extensive metabolism and 
excretion during systemic circulation. Therefore, in most 
cases, the drug concentration in the brain is not sufficient 
to generate an appropriate therapeutic effect. Cerebrospi-
nal-fluid (CSF) injections have been the most widely tried 
method clinically to deliver drugs to the brain by bypass-
ing the BBB (Pardridge 2020). However, the injection of 
a drug into the CSF limits drug penetration into the brain 
parenchyma because the CSF is rapidly expelled from the 
brain into the blood (Pardridge 2020). Thus, CSF injec-
tions of drugs were reported to be equivalent in effective-
ness to slow IV infusions (Pardridge 2020).

Recently, the nasal-brain administration route has 
attracted attention as an effective alternative for drug 
delivery to the brain. This is because as studies on the 
physiological and neurological systems of the nasal-brain 
are reported, the pathways for drug delivery from the 
nasal cavity to the brain are being explored more clearly 
than in the past. Recently, the nasal-brain lymphatic sys-
tem has been proposed as a novel target for neurological 
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disorders (Sun et al. 2018). This, too, may have been 
made possible by the clear identification of the physi-
ological system of the nasal-brain. The nasal-brain drug 
delivery route has the advantage of being able to deliver 
drugs to the brain locally over a relatively short physi-
cal distance. It will be a useful route of administration 
because the drug can be delivered to the brain using the 
olfactory nerve system in a non-invasive way, and it can 
also be applied to relieve some of the symptoms related to 
the loss of smell. However, practical studies and informa-
tion on nasal-brain drug delivery are still scarce, probably 
because an understanding of the mechanism and action 
is relatively lacking compared to that of the common 
drug administration routes such as oral and IV routes, 
and some limitations are difficult to overcome such as 
the difficulty of selective drug delivery to specific brain 
regions, the complexity of the cranial nervous system, 
formulation stability in the administration route, physi-
cally limited intranasal space, and the need for a detailed 
evaluation of potential toxicity and side effects. It may 
also be because studies on effective formulations such as 
intranasal solutions, mucoadhesives, nanoformulations, 
and prodrugs applicable to the nasal cavity are limited.

Therefore, through this review, we wanted to provide 
information to facilitate an understanding of nasal-brain 
drug delivery pathway and emphasize the importance of 
this pathway because information on the nasal-brain drug 
delivery pathway has not yet been universalized and there 
is a need to close the knowledge gap. We also wanted to 
explore the key factors that should be considered in future 
nasal-brain drug delivery studies because much remains 
to be accomplished in formulation development for nasal-
brain drug delivery. The information provided through 
this review is expected to help in accelerating the acti-
vation and practical application of formulation research 
in nasal-brain drug delivery and effectively enable the 
treatment of intractable brain diseases.

Pathways of drug movement from the nasal 
cavity to the brain

In this review, the physiological pathways and structures 
related to drug delivery from the nasal cavity to the brain 
are presented by dividing them into cellular and lym-
phoid types. Figure 1 [created using BioRender software 
(Toronto, ON, Canada)] shows a schematic diagram of 
the physiological systems involved in nasal-brain drug 
delivery. The direct routes of drug delivery from the nasal 
cavity (black dotted arrows in Fig. 1A, B, and D) to the 
brain and indirect routes (blue dotted arrows in Fig. 1B–D) 
through the systemic circulation were described.

Physiological and anatomical systems

The structure of the nasal cavity can be divided into nasal 
vestibules, and the respiratory, olfactory, and nasopharyn-
geal regions (Gänger and Schindowski 2018) (Fig. 1). 
Positionally, the nasal vestibules refer to the anterior 
part of the nasal cavity and mainly play a role related 
to the removal of drugs and foreign substances (Gänger 
and Schindowski 2018). The relevant parts for general 
drug delivery are the respiratory region and the olfactory 
region located in the middle and upper parts of the nasal 
cavity (Gänger and Schindowski 2018). The respiratory 
region is involved in the cognition of several senses and 
respiration, and the olfactory region mainly plays a role 
in olfactory perception (Gänger and Schindowski 2018). 
Anatomically, the cribriform plate of the ethmoid bone lies 
between the nasal cavity and the brain, where the olfactory 
bulbs and olfactory sensory neurons are located (Sun et al. 
2018). And based on the cribriform plate, CSF flows in the 
direction of the brain. The nasal mucosa is located in the 
direction of the nasal cavity (Sun et al. 2018). Since olfac-
tory neurons located in the olfactory region are directly 
involved in olfactory transmission from the nasal cavity to 
the brain (Fig. 1A), the route through the olfactory nerve 
may be utilized as a pathway for drug delivery to the brain 
(Bahadur et al. 2020). Drug delivery through the olfac-
tory region enables direct drug transmission to the brain 
without going through the systemic circulation (Bahadur 
et al. 2020) because physiologically, the olfactory neurons 
are connected from the nasal mucosa to the brain. Drug 
delivery through the olfactory region is largely possible 
via the olfactory nerve as an intraneuronal pathway or the 
olfactory epithelial cells present around the nerve pathway 
(Bahadur et al. 2020). In addition, transcellular methods 
including endocytosis and simple diffusion and paracel-
lular methods through the junctions between cells provide 
another mechanism of drug transport through olfactory 
epithelial cells (Bahadur et al. 2020) (Fig. 1A-a–c). Previ-
ous studies (Agrawal et al. 2018; Gänger and Schindowski 
2018) reported that drug delivery by the intraneuronal 
route was relatively slower than delivery through olfactory 
epithelial cells. That is, drug delivery through the olfac-
tory nerve was possible within 1.5–6 h, and drug delivery 
through olfactory epithelial cells was possible within a few 
minutes (Gänger and Schindowski 2018). Of course, the 
speed and extent of drug delivery through the olfactory 
nerve and olfactory epithelial cells may differ depending 
upon the physicochemical properties of the drug. However, 
in general, the route through the olfactory epithelial cells 
has more advantages in terms of speed.

The respiratory region occupies the largest portion of 
the nasal cavity, where capillaries are abundantly distrib-
uted (Gänger and Schindowski 2018). Therefore, a drug 
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delivered to the respiratory region is absorbed into the blood 
and enters the systemic circulation, which becomes a pos-
sible indirect route for drug delivery to the brain through 
the BBB (Gänger and Schindowski 2018). And in the res-
piratory region, the trigeminal nerve is mainly responsible 
for pain and temperature sensation. The trigeminal nerve is 
divided into three branches and each branch is connected 
to the brain stem and olfactory bulb (Chatterjee et al. 2019; 
Gänger and Schindowski 2018). Therefore, drug delivery to 
the trigeminal nerve can be a direct route of drug delivery 
from the nasal cavity to the brain (Fig. 1B). Although most 
of the trigeminal nerve is present in the respiratory region 
of the nasal cavity, it has been reported that some trigeminal 
nerves are also present in the olfactory region (Gänger and 
Schindowski 2018). Thus, all drugs reaching the trigeminal 
nerves present in the respiratory and olfactory regions will 
be delivered directly to the brain.

In addition, drugs that do not stay in the nasal cavity and 
pass through the airway or esophagus would be indirectly 

delivered to the brain through the systemic circulation. 
However, for drugs to be delivered to the brain through 
the systemic circulation, they would have to cross the BBB 
(Fig. 1C) and the amount of drugs indirectly delivered is 
probably less than that delivered directly from the nasal cav-
ity to the brain due to the tightness of the BBB and extensive 
drug metabolism and/or elimination in the body.

Nasal‑brain lymphatic system

Recent reports (Albayram et al. 2022; Pardeshi and Bel-
gamwar 2013; Sun et al. 2018) have confirmed the pres-
ence of a lymphatic system between the nasal cavity and the 
brain. Olfactory nerves exist in the cribriform plate men-
tioned above, and perineural spaces exist around the olfac-
tory nerves, which allow CSF to flow into the nasal mucosa 
(Sun et al. 2018). Therefore, the perineural spaces around 
the olfactory nerves are called the olfactory/nasal lym-
phatic route and are the main drainage routes for CSF and 

Fig. 1  Schematic diagram of the physiological systems involved in 
drug delivery from the nasal cavity to the brain. The olfactory path-
way (A), the respiratory pathway (B), the systemic pathway through 
the BBB (C), and NALT (D) are presented as possible pathways for 
nasal-brain drug delivery. BBB and NALT are blood–brain-barrier 
and nasopharynx-associated lymphoid tissue, respectively. In A, a–c 

represent transcellular (through olfactory epithelial cells), paracellu-
lar (through olfactory epithelial cells), and olfactory nerve pathways, 
respectively. The black dotted arrows in A, B, and D indicate direct 
drug delivery routes from the nasal cavity to the brain. The blue dot-
ted arrows in B–D indicate indirect drug delivery pathways from the 
nasal cavity to the brain
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interstitial-fluid (ISF) generated from the brain parenchyma 
(Fig. 1A). The olfactory/nasal lymphatic route ultimately 
leads to cervical lymph nodes (Sun et al. 2018). That is, the 
olfactory/nasal lymphatic route physiologically allows CSF 
and ISF to flow from the subarachnoid space through the 
perineural spaces and nasal lymphatics to the cervical lymph 
nodes. According to past reports (Sun et al. 2018; Thiebaud 
et al. 2011), transporters such as P-glycoproteins (P-gp) and 
organic anion transporters (OAT) as well as various xeno-
biotic-metabolizing enzymes exist in the olfactory perineu-
ral space as a defense mechanism from foreign substances. 
The main role of the olfactory/nasal lymphatic route is to 
maintain the water balance in the brain and export antigens 
to the cervical lymph nodes via the CSF (Sun et al. 2018). 
The olfactory/nasal lymphatic route was also utilized as a 
pathway for immune cells to migrate from the brain paren-
chyma to cervical lymph nodes (Hsu et al. 2021). According 
to past reports (Pardeshi and Belgamwar 2013; Sun et al. 
2018), the olfactory/nasal lymphatic route is also used as 
a route through which brain waste is excreted nasally and 
externally. A previous study reported that the excretion of 
waste through the olfactory/nasal lymphatic route decreased 
with aging, and thereby increased brain and nervous sys-
tem diseases (Sun et al. 2018). The function and activation 
degree of the nasal-brain lymphatic system is affected by 
factors such as aging, genetics, the sleep–wake cycle, and 
body posture, leading to the onset of brain diseases such as 
neurovascular, neurodegenerative, neuroinflammatory dis-
orders, and brain tumors.

The lymphatic system, which exists between the nasal 
cavity and the brain, would be useful as a route for drug 
delivery. In particular, the nasal route would be very useful 
for delivering genes and peptide drugs to the CSF and brain 
parenchyma in the treatment of intractable brain and nerv-
ous system diseases because generally administered (through 
oral or IV) small molecules, as well as high molecular 
weight drugs, have very limited transport from the blood 
vessels to the brain parenchyma due to the BBB (Sun et al. 
2018). Using the olfactory/nasal lymphatic route, intrana-
sally administered drugs can be delivered relatively easily 
to the CSF and then effectively distributed to brain tissue 
and related nervous systems through the dynamics (includ-
ing CSF-ISF exchange) of central nervous system (CNS) 
fluids. The olfactory/nasal lymphatic route may be able to 
overcome the limitations of the BBB and maintain effective 
drug concentrations in the brain while avoiding or reducing 
the peripheral side effects of brain-targeted drugs.

Other systems

At the back of the nasal cavity is the nasopharyngeal region, 
where the lymphatic system called nasopharynx-associated 
lymphoid tissue (NALT) is located (Gänger and Schindowski 

2018) (Fig. 1D). NALT is a type of mucosa-associated lym-
phoid tissue (MALT) and ultimately leads to cervical lymph 
nodes (Gänger and Schindowski 2018). Therefore, direct 
drug delivery to the brain can occur through brain lymphat-
ics or indirect drug delivery can occur through the systemic 
circulation. According to past reports (Chatterjee et  al. 
2019; Gänger and Schindowski 2018; Selvaraj et al. 2018), 
NALT is mainly known as an immune organ that blocks the 
invasion of foreign pathogens in the nasal cavity and upper 
respiratory tract. Therefore, drug transition to NALT may 
be a pathway that can effectively exert drug effects related 
to immune functions in the body. M-cells were reported to 
exist in NALT (Chatterjee et al. 2019; Selvaraj et al. 2018) 
(Fig. 1D). Considering that nanoparticle absorption is pos-
sible through M-cells (Jeong et al. 2021a), NALT could be 
effective as a lymphatic delivery route for nanoformulations. 
The nasal cavity is a system connected to the gastrointestinal 
and respiratory systems (Gänger and Schindowski, 2018). 
Therefore, nasally administered drugs are able to move to 
the lungs or gastrointestinal tract, and in this case, indirect 
drug delivery to the brain through the systemic circulation 
is possible.

Advantages of the nasal‑brain drug delivery 
system

The advantages of nasal-brain drug delivery compared to 
other existing drug administration routes were largely con-
sidered in pharmacological and clinical applications.

Pharmacological benefits

The nasal-brain drug delivery route is a relatively physically 
short and simple delivery route compared to drug delivery 
to the brain through the systemic circulation and is an effec-
tive route that can overcome the obstacles of the BBB. That 
is, drug delivery to the brain through the systemic circula-
tion must pass through the BBB, which has many defense 
mechanisms such as tight junctions and P-gp. However, the 
nasal-brain route bypasses the BBB and enables direct drug 
delivery to the brain through the olfactory nerve. In addi-
tion, the nasal-brain drug delivery path is a route that can 
significantly improve bioavailability in the brain by avoiding 
extensive metabolism and the loss of drugs through the gas-
trointestinal tract or systemic circulation. This suggests that 
the nasal-brain administration route can effectively maintain 
therapeutic drug concentrations in the brain while minimiz-
ing clinically required drug doses. As a result, targeted drug 
delivery to the brain will be possible with reduced drug side 
effects in the periphery. In addition, rapid drug delivery to 
the brain and the expression of drug effects will be possible. 
A previous report (Ugwoke et al. 2001) suggested intranasal 
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drug administration as a viable, non-invasive strategy for 
delivering drugs to the brain. Moreover, nasal drug adminis-
tration has often been suggested as the most feasible alterna-
tive to parenteral injections (Ugwoke et al. 2001), probably 
because the high permeability of the nasal epithelium allows 
it to be applied to high molecular weight substances (about 
1000 Da or more), and the fast drug absorption rate was 
similar to the profile of IV injections (Ugwoke et al. 2001).

Due to the higher permeability in the nasal mucosa than 
in the BBB, the nasal-brain drug delivery route is attract-
ing attention as an effective route for delivering peptides 
and protein drugs, which are very difficult to deliver to the 
brain through the systemic circulation. In addition, the nasal 
cavity has been proposed as a route of delivery of various 
biological substances, such as oligonucleotides, viral vec-
tors, and stem cells, to the cranial nervous system (Lochhead 
and Thorne 2012). For example, calcitonin, a polypeptide 
hormone of 3500 Da, is being applied as a nasal spray for 
the treatment of postmenopausal osteoporosis (Zhang and 
Zhang 2010). Insulin reaching 5800 Da was widely distrib-
uted to the brain within 1 h of intranasal administration to 
mice, and the highest detection was confirmed in the olfac-
tory bulb and trigeminal nerve (Francis et al. 2008). Gala-
nin-like peptide, a neuropeptide of 6500 Da, was confirmed 
to be distributed to the cranial nervous system including the 
olfactory bulb, anterior brain, hippocampus, hypothalamus, 
cerebellum, brain stem, and CSF after nasal administration 
to mice, and the level was approximately 20 times higher 
than when administered intravenously (Nonaka et al. 2008). 
These results indicate that the nasal-brain pathway could 
deliver substances from the nasal cavity to the brain with 
the high permeability of high molecular weight substances, 
as well as those with low molecular weights.

In addition, drugs with various physicochemical proper-
ties such as hydrophilicity, hydrophobicity, and ionicity can 
be effectively delivered from the nasal cavity to the brain 
through proper formulation. Past reports confirmed that 
cationic peptides, basic fibroblast growth factor (Feng et al. 
2012), as well as cationic lipid nanoemulsions (Kim et al. 
2000) and nanoparticles (Hanafy et al. 2015), were delivered 
from the nasal cavity to the brain. Hydrophilic drugs can 
be administered intranasally even in simple solution form 
through solubilization, and hydrophobic drugs can be deliv-
ered to the brain relatively easily through nanoformulations 
and prodrug formulations.

Nasal-brain drug delivery would be very useful when 
toxicity due to excessive exposure to drug metabolites is 
possible. According to one past study (Qian et al. 2014), 
intranasal drug administration increased parent drug trans-
port to the brain and decreased exposure to metabolites in 
both plasma and brain compared to oral administration. The 
decrease in the concentration of metabolites in the brain and 
plasma following nasal drug administration was probably 

because first-pass metabolism was largely avoided compared 
to other routes of administration such as oral and IV routes.

From a pharmaco-mechanical perspective, nasal-brain 
drug delivery could offer a great advantage in the treatment 
of some complex diseases. In the case of brain tumors, the 
brain tumor directly affects the olfactory nerve, which is 
often accompanied by the loss of smell (Ship and Chávez 
2002). The nasal-brain administration route will deliver 
drugs to olfactory cells, so it will be possible to treat not only 
brain tumors but also olfactory damage. Thus, a therapeutic 
effect for complex diseases such as brain tumors may be 
possible from intranasal administration by combining anti-
inflammatory drugs or neuro-stimulating drugs to improve 
the sense of smell with anticancer drugs. As key evidence, 
previous studies (Francis et al. 2008; Nonaka et al. 2008) 
have already reported that intranasal drug delivery led to 
drug delivery to the olfactory bulb, one of the olfactory 
nervous systems.

Through improved formulation, the controlled release of 
drugs from the nasal cavity to the brain will be possible. For 
example, it has been reported that polymers such as pluronic 
F-127 had a controlled release mechanism through the dis-
solution and diffusion of drugs depending upon their con-
centration (Moore et al. 2000). Increasing concentrations 
of pluronic F-127 in the formulation tended to decrease the 
drug release rate (Moore et al. 2000). For drugs whose thera-
peutic benefit is to maintain a certain drug concentration in 
the cranial nervous system for a long time, controlled release 
applications in the nasal mucosa will have advantages such 
as faster on/off and higher delivery rates than other admin-
istration routes.

Advantages in clinical applications and medication 
compliance

The nasal-brain route is a non-invasive drug delivery path 
that does not cause pain or burden the patient, and the self-
administration method is relatively simple, so it does not 
impose a workload on the medical staff. Therefore, the nasal-
brain route of administration can be easily applied without 
much difficulty in clinical practice. A formulation improve-
ment could allow for the sustained release of drugs from the 
nasal mucosa to the brain, which would enable a reduction in 
the number of doses. In addition, the high bioavailability of 
drug delivery from the nasal cavity to the brain could reduce 
the amount of drug administered per dose. This will provide 
effective treatment results with improved patient adherence 
to taking the medication and will enable cost savings. The 
nasal-brain route provides an alternative to allowing drugs 
to be absorbed into the body faster than the oral route, which 
can be especially useful for patients with gastrointestinal 
problems such as irritable bowel syndrome and Crohn’s dis-
ease or those with difficulty swallowing tablets. Rapid drug 
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delivery through the nasal-brain route will also be useful in 
emergencies such as seizures and acute pain, which require 
rapid drug action.

Applicable formulations

The formulations applicable to the nasal-brain drug delivery 
route include intranasal solutions, mucosal adhesion types, 
nanoformulations, and prodrugs. Their primary purpose is 
to bypass the BBB and deliver drugs directly to the brain via 
the nasal/olfactory route.

Intranasal solution

The route of administration has been used advantageously 
to deliver a drug to brain nervous system targets. Clinical 
attempts have been made by injecting a drug-dissolved 
solution into the nasal cavity because the efficiency of drug 
delivery to the brain is usually higher through this route than 
by oral or IV administration. Intranasal solutions are mainly 
delivered through a nasal spray, and although it is possi-
ble through drops, there is a limitation in that the clearance 
from the nasal cavity is faster than spray (Hardy et al. 1985). 
When 99mTc-labelled human serum albumin solution was 
applied to the nasal cavity in the form of a spray or drops, it 
was confirmed that the degree of deposition in the nasal cav-
ity of spray was higher than that of the drop, and the clear-
ness was slower (Hardy et al. 1985). The same bioavailabil-
ity as that of rectal administration was confirmed in the nasal 
spray application of diazepam, and in the therapeutic effect 
(seizure) and adverse events, nasal dosing was superior to 
existing oral and rectal administration routes (Hogan et al. 
2020). This suggests that diazepam, which requires deliv-
ery to the cranial nervous system for sedation and seizure 
stabilization, could act effectively via the nasal-brain drug 
delivery route. An intranasal solution formulation in which 
a surfactant (dodecyl-β-d-maltopyranoside), which revers-
ibly loosens cell–cell junctions (Lipton et al. 2018), is added 
together with the drug (diazepam) has been attempted so that 
the drug injected into the nasal cavity can be delivered to 
the brain through the nasal mucosa (Hogan et al. 2020). A 
previous report (Munjal et al. 2017) showed that dodecyl-β-
d-maltopyranoside induced a rapid and reversible decrease 
in transepithelial/transendothelial electrical resistance val-
ues by altering tight junctions to promote uptake, enhanc-
ing the permeation of the pericellular marker 3H-mannitol. 
A study on the nasal application of the same drug with a 
difference in the formulation was conducted. A compari-
son of the formulations showed that the bioavailability of 
diazepam intranasal solution and the intranasal suspension 
was approximately 97% and 67%, respectively (Agarwal 
et al. 2013). These results suggest that drug solubilization 

is a very important factor in terms of formulation for effec-
tive drug delivery from the nasal cavity to the brain. An 
intranasal sodium citrate solution was applied to patients 
to target the olfactory cleft to improve the sense of smell 
in viral hyposmia (Whitcroft et al. 2016). An improvement 
was confirmed in the patient group compared to the placebo 
group (Whitcroft et al. 2016). Considering that the olfactory 
nerve is directly connected to the brain by nasal mucosa, the 
results indirectly suggested that intranasal drug administra-
tion would be effective in the treatment of various intrac-
table cranial nervous system diseases. The solution form 
in which ovalbumin protein was simply dissolved in aque-
ous phosphate-buffered saline was administered nasally and 
delivered to the brain (Migliore et al. 2010). Following the 
intranasal administration of aqueous ovalbumin, the highest 
intracerebral ovalbumin concentration was achieved within 
1 h (Migliore et al. 2010). Although not to a high degree 
compared to the test liposomal formulation, the intranasal 
administration of aqueous ovalbumin clearly confirmed 
intracerebral protein transport. This was a very interesting 
result, where protein macromolecules were delivered into 
the brain relatively easily through the characteristics of the 
intranasal administration route without a special formula-
tion technique because it represents the promising delivery 
of antibodies or other protein drugs to the brain. In addi-
tion, in the case of the water-soluble drug ketamine, effec-
tive drug efficacy was confirmed compared to the placebo 
group even when simply diluted with saline and adminis-
tered nasally (Diaz 1997). That is, intranasal administration 
of ketamine solution pleasantly and rapidly separated chil-
dren from parents, cooperatively accommodated monitoring 
and mask inhalation induction. The administration did not 
prolong post-anesthesia recovery or delay discharge from the 
hospital (Diaz 1997). Ketamine is a drug commonly used 
clinically for the relief of seizure symptoms, and the findings 
suggest that the intranasal administration of ketamine solu-
tion enabled delivery to the cranial nervous system.

Aside from drug delivery to the brain, clinical trials of 
zolmitriptan intranasal solution through nasal spray showed 
faster blood absorption than oral formulations, with drug 
detection in the plasma within 5 min after administration, 
suggesting nasal spray as an effective alternative for rapid 
drug efficacy in clinical practice (Yates et al. 2002). It has 
been suggested that naloxone administered for the treatment 
of acute opioid poisoning could also be applied as an intra-
nasal solution using nasal spray, avoiding the first-pass effect 
of more than 90% and achieving rapid drug effects at the 
same time (Wermeling 2013). Furthermore, rapid and effec-
tive drug efficacy was confirmed from the nasal spray appli-
cation of an aqueous-buffered solution of fentanyl to relieve 
pain in cancer patients (Mercadante et al. 2014). That is, 
an intranasal spray of fentanyl solution provided significant 
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analgesia within 10 min without causing the associated side 
effects (Mercadante et al. 2014).

Mucoadhesive formulations

In order to effectively deliver drugs from the nasal cavity 
to the brain, research on mucosal-adhesive formulations 
that stay in the nasal mucosa for drug delivery have been 
conducted since the past. This is because drugs that enter 
the nasal cavity are removed largely by mucociliary clear-
ance from the vestibular region, and the physical approach of 
nasal mucosal adhesion has become an effective alternative 
to overcome this barrier (Vyas et al. 2006). Nasal mucosal 
adhesion formulations have the advantage of continuous 
drug delivery to the brain by attaching to the nasal mucosa 
for a relatively long time (Ugwoke et al. 2001). Allowing 
the drug to stay in the respiratory and/or olfactory regions 
of the nasal cavity would be effective in maximizing drug 
delivery to the brain. This is because the drugs attached to 
the respiratory and/or olfactory regions could be delivered 
to the brain through several mechanisms such as the olfac-
tory nerve, trigeminal nerve, and lymphatic and vascular 
paths. Systems suitable for nasal mucoadhesive formula-
tions include viscous formulations, mucoadhesive poly-
mers, hydrogels, and in situ gelations, which will decrease 
the mucociliary clearance and increase the retention of drugs 
in the nasal cavity (Ugwoke et al. 2001).

For example, tacrine, an Alzheimer’s therapeutic drug, 
was formulated using the thermosensitive polymer plu-
ronic F-127 and administered intranasally (Qian et al. 
2014). This was an attempt to deliver drugs from the nasal 
cavity to the brain using an in situ gelation system that 
undergoes sol–gel transition according to temperature. 
The nasal administration of the in situ gelation formula-
tion having a sol–gel transition temperature of 28.5 °C 
increased intranasal drug retention compared to the solu-
tion form, and the drug delivery efficiency to the brain was 
also higher than that of oral administration (Qian et al. 
2014). In another study, the intranasal administration of 
mucoadhesive microemulsion loaded with tacrine showed 
that the brain bioavailability was more than twice that of 
intranasal tacrine solution (Jogani et al. 2008). The results 
suggest that nasal mucosal adhesion or retention of the 
formulation is a very important factor in drug delivery to 
the brain via the intranasal route.

Chitosan was applied as a strategy to improve the 
mucosal adhesion of the formulation. In a past study 
(Illum et al. 2002), a chitosan-morphine nasal formulation 
showed 5–6 times higher bioavailability than simple mor-
phine solution and improved drug absorption through the 
nasal mucosa by increasing intranasal drug retention. The 
results of another previous report (Cho et al. 2011) sug-
gested that chitosan significantly contributed to mucosal 

adhesion and increased shear viscosity, and played a major 
role in the approximately 18 times higher bioavailabil-
ity than a simple solution. Another adhesive molecule, 
hyaluronic acid, has also been applied in formulations to 
improve nasal-brain drug delivery by increasing intranasal 
mucosal adhesion (Horvát et al. 2009). The formulation 
was delivered to major brain parts of the olfactory bulb, 
frontal and parietal cortexes, hippocampus, cerebellum, 
midbrain, and pons, and hyaluronan was proposed as a 
mucoadhesive non-toxic biomolecule capable of increas-
ing the brain penetration of hydrophilic drugs (Horvát 
et al. 2009). In addition, it has been suggested that small 
lectin molecules with a high specific binding ability to 
l-fucose receptors, which are highly expressed in olfactory 
mucosa, can be coated on the surface of a formulation to 
increase adhesion in the nasal mucosa and improve drug 
delivery to the brain through the olfactory nerve (Bies 
et al. 2004). The application of wheat germ agglutinin as 
a mucoadhesive agent to deliver neuroprotective peptides 
from the nasal cavity to the brain significantly increased 
intracerebral drug delivery compared to the formulation 
without wheat germ agglutinin (Gao et al. 2007). Inter-
estingly, the formulation conjugated with wheat germ 
agglutinin showed a higher binding affinity to olfactory 
mucosa than to the respiratory region (Gao et al. 2007), 
implying that the intranasal administration of wheat germ 
agglutinin-applied formulations as mucoadhesives would 
be useful for targeted delivery to the brain.

Additionally, hydrogel systems using carriers such as 
poloxamer-188 could be applied for the mucosal adhesion 
and controlled release of nasally administered drugs. A pre-
vious study (Anderson et al. 2001) suggested that hydrogels 
had great advantages in nasal administration due to their 
high hydration and adequate physical strength and adhesion. 
Hydrogel also had the ability to load significant amounts of 
both hydrophilic and hydrophobic drugs, as well as control 
the release of drugs through matrix swelling (Anderson et al. 
2001).

Nanoformulations

Examples of the application of nanoformulations in nasal 
drug delivery to the brain are presented in Table 1. The 
applied nanoformulations ranged from nanoparticles (Elnag-
gar et al. 2015; Eskandari et al. 2011; Hanafy et al. 2016; 
Meng et al. 2018; Salem et al. 2019; Seju et al. 2011; Shah 
et al. 2016; Zhang et al. 2014), to nanoemulsions (Abdou 
et al. 2017; Bahadur and Pathak 2012; Boche and Pokharkar 
2017; Espinoza et al. 2019; Haider et al. 2018; Iqbal et al. 
2019; Jiang et al. 2019; Kumar et al. 2008, 2016; Mahajan 
et al. 2014; Nasr 2016; Pandey et al. 2015; Pathak et al. 
2014; Sood et al. 2014; Yadav et al. 2015), liposomes (Li 
et al. 2012; Yang et al. 2013), nanosuspensions (Md et al. 
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2014), niosomes (Khallaf et al. 2020; Mathure et al. 2018; 
Rinaldi et  al. 2019), and nanostructured lipid carriers 
(Eskandari et al. 2011). The substances encapsulated in the 
nanoformulations were mainly therapeutic drugs for Alzhei-
mer’s, dementia, Parkinson’s, epilepsy, and various psychiat-
ric disorders, which pharmacologically and mechanistically 
targeted the brain nervous system. Attempts have been made 
to encapsulate drugs in various nanocarriers to deliver drugs 
from the nasal cavity to the brain with the aim of reaching 
a therapeutic concentration sufficiently (at brain). This is 
because it has been confirmed through numerous studies 
that nanocarriers can significantly improve the physiologi-
cally stable aspect of drug delivery. The nanocarriers sur-
rounding the drug prevent the drug from being decomposed 
by various enzymes and external stressors, increasing the 
degree of effective drug reaching the target and improving 
the therapeutic effect (Jeong et al. 2021a). In addition, due to 
the appropriate degree of hydrophobicity of the nanocarriers 
and the surfactant applied during the formulation process, 
nanocarriers can move easily through the cell membrane into 
the target tissue. Past studies on the intranasal administration 
of nanoformulations (Table 1) confirmed that drug delivery 
to the brain was improved in nanoformulations compared 
to existing solution formulations. Nanoformulations also 
have great advantages in drug delivery in terms of structural 
engineering flexibility. When nanocarriers are used in drug 
delivery, selective targeting of the desired tissues is possible 
through surface functionalization such as attaching specific 
ligands to the carrier surface. This aspect can be utilized 
when targeting and adsorbing in areas such as olfactory and 
respiratory regions related to direct delivery to the brain via 
the nasal administration of formulations or delivering drugs 
to specific brain regions. For example, it has been suggested 
that the application of a specific lectin as a ligand to the sur-
face of a nanoparticulated formulation for nasal-brain drug 
delivery could increase formulation adsorption and permea-
tion into the olfactory region of the nasal mucosa (Gabor 
et al. 2004), and the application of specific lectin ligands 
may improve drug transport by promoting endocytosis in 
brain epithelium (Gabor et al. 2004). Lectins are proteins 
of non-immune origin that specifically bind to the carbo-
hydrate moieties of glycoproteins and glycolipids (Pastor 
et al. 1992), so they are very good biocompatible ligands 
for nasal-brain drug delivery. In nasal-brain drug delivery, 
odorranalectin has been reported as an applicable lectin 
molecule, and when odorranalectin was conjugated with a 
drug, drug delivery to the brain was increased three-fold or 
more, thereby improving the therapeutic effect on cognitive 
function (Wu et al. 2012). This effect was probably because 
odorranalectin specifically binds to the l-fucose receptor, 
which is highly expressed in nasal olfactory mucosa (Li et al. 
2008).

One of the major components of nanocarriers frequently 
used in nasal-brain drug delivery is chitosan. In previous 
reports (Abd Elgadir et al. 2015; Baldrick 2010), chitosan 
was selected as the most suitable candidate for the applica-
tion of a nanocarrier system in nasal-brain drug delivery 
because chitosan has several advantages such as biodegra-
dability, low toxicity, and high stability for application in 
drug delivery systems (Baldrick 2010). In addition, chitosan 
has strong mucosal adhesion, so when administered intra-
nasally, many drugs can be delivered to the brain with rela-
tively low physical clearance (Alexander et al. 2014). In this 
regard, by measuring the amount of mucin adsorbed on the 
surface of chitosan-complexed nanoparticles, the ability of 
chitosan-based nanocarriers to adhere to the mucosal was 
confirmed (Hanafy et al. 2015). According to that report, 
strong mucosal adhesion persisted up to 60 min after the 
administration of chitosan-complexed nanoparticles. And 
microscopic observation confirmed that a significant amount 
of chitosan-complexed nanoparticles was delivered to vari-
ous parts of the brain, including the olfactory bulb, approxi-
mately 1 h after nasal administration (Hanafy et al. 2015). 
Consequently, past studies (Abd Elgadir et al. 2015; Hanafy 
et al. 2015) have suggested that the application of chitosan 
as a component of nanocarriers in nasal-brain drug delivery 
was highly effective.

Prodrugs

As a strategy for delivering drugs from the nasal cavity to 
the brain, attempts have been made to administer drugs in 
prodrug form into the nasal cavity. The formulation as a 
prodrug has been carried out to increase solubility in aque-
ous media, mainly where the parent drug has limited solubil-
ity because drug solubilization is a major factor that affects 
the delivery of a large amount of drug by a single intranasal 
dose without relatively large fluctuations between dosings 
(Di Mauro 2008).

According to one past report (Al-Ghananeem et al. 2002), 
17β-estradiol was formulated as a prodrug to improve drug 
delivery to the cranial nervous system through intrana-
sal administration. When 17β-estradiol was administered 
orally, first-pass metabolism in the gastrointestinal tract 
and liver reached approximately 95% (Al-Ghananeem et al. 
2002; Bawarshi-Nassar et al. 1989), and although prodrug 
administration was attempted, oral bioavailability was not 
significantly improved (Al-Ghananeem et al. 2002; Hus-
sain et al. 1988). Alternatively, transdermal administration 
has been performed, but systemic and frequent skin irrita-
tion side effects were reported (Al-Ghananeem et al. 2002). 
Therefore, an attempt was made to administer 17β-estradiol 
intranasally in solubilized prodrug ester form by attaching 
hydrophilic functional groups to 17β-estradiol, which is 
highly lipophilic (Al-Ghananeem et al. 2002). The results 
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confirmed rapid in vivo absorption and high bioavailability, 
and high drug delivery to the brain (Al-Ghananeem et al. 
2002). However, systemic side effects are associated with 
17β-estradiol, a kind of hormone, so 17β-estradiol was deliv-
ered locally to the cranial nervous system via the nasal-brain 
administration route. When 17β-estradiol in the prodrug 
ester form was administered intravenously and nasally, the 
concentration of 17β-estradiol in CSF was approximately 
4–9 times higher when administered intranasally than by 
the IV route (Al-Ghananeem et al. 2002). In another study, 
curcumin, which has antioxidant and anticancer proper-
ties, was formulated as an ester-form prodrug and applied 
nasally for delivery to the brain (Di Mauro 2008). Due to 
the extensive in vivo metabolism (especially in the liver and 
kidneys) of curcumin, which is highly lipophilic, the amount 
that can reach the brain through the systemic circulation is 
very low, at less than 0.1% of the dose (Di Mauro 2008). 
Therefore, attempts have been made to effectively deliver 
curcumin using the nasal-brain route (Di Mauro 2008). Both 
the nasally administered 17β-estradiol and curcumin prod-
rugs are likely to deliver the parent drug to the brain by 
similar mechanisms. That is, when the drug in prodrug form 
reaches the olfactory region, the prodrug is metabolized to 
the parent lipophilic drug and can easily diffuse into the 
brain tissue. The metabolism from prodrug to parent drug 
occurs mainly through chemical or enzymatic hydrolysis 
reactions with esterase present in the nasal mucosa and brain 
(Di Mauro 2008).

Limitations of nasal‑brain drug delivery

The limitations of nasal-brain drug delivery were largely 
related to the evaluation of the effectiveness of selective 
delivery to the brain and the consideration of safety aspects.

Delivery efficiency

Intranasal drug administration is generally very limited 
in terms of dosage compared to other routes of admin-
istration. One previous study (Emirzeoglu et al. 2012) 
reported that the nasal volumes in men and women aged 
18–40 years were 7.01 ± 0.18  cm3 and 5.95 ± 0.10  cm3, 
respectively. These were very small volumes compared 
to the skin, gastrointestinal tract, and blood vessels, sug-
gesting that the amount of drug that could be administered 
to the nasal cavity is limited compared to oral, IV, trans-
dermal, and subcutaneous administration. This may be 
supported by the low administrable volumes in the nasal 
cavity of approximately 25–200 μL (Pandey et al. 2020). 
When an excessive amount of drug is administered to the 
nasal passages, the nasal cavity is easily saturated (Pandey 
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et al. 2020), which may increase drug transport into the 
systemic circulation and cause side effects.

In intranasal drug administration, swallowing or drain-
age may occur, not the intended injection into the nasal 
mucosa, depending upon the administration methods such 
as the administration angle and respiration level. This is an 
area of concern that can lead to large inter-individual and/or 
inter-trial variability in drug delivery to the brain. Accord-
ing to a past report (Foo et al. 2007), in the case of nasal 
administration using nasal spray, the device plume angle 
and administration angle were major factors affecting nasal 
deposition efficiency. In terms of effectiveness, the intrana-
sal injection of a solution or administration as a spray will 
definitely have the advantage of delivering the drug to the 
brain, avoiding the first-pass effect, and providing a quick 
effect. However, there are still many problems to be solved in 
terms of accurate usage and dosage settings because nasally 
administered solutions and sprays flow downward, and/or the 
drug cannot stay in the desired nasal cavity area.

As for formulation limitations, the stability aspect of for-
mulations applied for drug delivery from the nasal cavity to 
the brain may be a potential problem. That is, the stability 
of the drug loaded in the formulation becomes a problem 
due to physical and chemical stresses from the outside, so 
the effective drug concentration delivered to the brain can be 
very low. Another aspect is that hydrophilic drugs will have 
limited absorption from the nasal mucosa into the cranial 
nervous system through paracellular or transcellular mecha-
nisms. Therefore, for drugs with high hydrophilicity, meth-
ods such as the incorporation of permeation enhancers and/
or formulations using nanocarriers will be indispensable.

As a limitation in terms of the route, there are difficul-
ties in applying intranasal as a route for drug delivery to the 
brain in some special cases because if there is a disease in 
the nasal cavity, direct administration to the site is difficult. 
In addition, there is a possibility that the administered drug 
will disappear rapidly due to physical nasal-mucosal clear-
ance including mucosal ciliary effects and rapid airflow in 
the nasal environment. Therefore, additives such as nasal 
mucoadhesives should be considered essential in the drug 
formulation process.

As mentioned earlier, there are four major routes (olfac-
tory, respiratory, systemic via BBB, and NALT pathways) 
for drug delivery from the nasal cavity to the brain (Fig. 1), 
and depending upon the route, drugs can be delivered to the 
brain either directly or indirectly. However, since the intra-
nasal sites related to the four routes are different from each 
other, drug delivery to the brain through the nasal cavity has 
a limitation in that it is essentially dependent upon the site 
where the drug or formulation is seated after nasal admin-
istration. Therefore, a formulation method such as using 
mucoadhesive may be an effective alternative to overcoming 
the drug attachment site-dependent drug delivery problem.

The cranial nervous system is a very complex system, and 
the pathogenesis and key causes of most cranial nervous-
related diseases have not yet been clearly identified (Feigin 
et al. 2021). Therefore, it is still necessary to study the key 
pathogenesis factors and related mechanisms of various cra-
nial nervous system diseases. And through this, the develop-
ment of targeting technology for a specific area within the 
brain nervous system will be required. It will be necessary 
to not only increase the drug delivery from the nasal cavity 
to the brain but also to minimize the side effects by allowing 
the drug transferred into the brain to act only on a specific 
target within the brain nervous system.

Safety issues

Formulations and drugs can exert potentially biotoxic effects 
on the nasal cavity and brain because frequent and continu-
ous intranasal drug administration may cause irritating and 
damage not only to the nasal mucosa but also to the olfac-
tory nervous system distributed there. In particular, there is 
a concern that the continuous use of a permeation enhancer 
that promotes the permeation of the formulation by caus-
ing reversible expansion between cells in the nasal mucosa 
may increase the influx of external pathogens and cause 
cell transformation. In addition, in the case of a mucoadhe-
sive applied to the nasal mucosa for physical maintenance 
of the formulation, components can cause toxicity to the 
mucociliary system by long-term retention. Although no 
life-threatening side effects were reported in the preclinical 
and clinical studies of nasal-brain drug delivery introduced 
above (see section “Applicable formulations”), most of these 
were the results of single or short-term exposure to the for-
mulations. For example, a hydrogel composed of pluronic 
F-127 and poloxamer 188 administered as a nasal mucosal 
adhesive was maintained without mucociliary toxicity for 
14 days after application (Chen et al. 2013). And in rela-
tion to the nasal-brain drug delivery application of galan-
thamine-loaded liposomes, an in vitro toxicity test on the rat 
pheochromocytoma cell line incubated with the formulation 
for 12 h did not show any significant cytotoxicity (Li et al. 
2012). However, since most of the drugs to be delivered to 
the brain require long-term application for many years, sub-
chronic or chronic toxicity and long-term safety evaluation 
of the formulations are essential.

Potentially fatal systemic side effects can result from 
direct drug delivery from the nasal cavity to the brain. 
Excessive and rapid drug delivery to the brain may disturb 
the immune system of the cranial nervous system and cause 
drug toxicity. Therefore, not only formulation studies, but 
also pharmacometrics studies related to clinical doses and 
dosage settings for each formulation need to be conducted 
together to minimize the side effects and maximize the thera-
peutic effects. However, such studies are relatively difficult 
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compared to other routes such as oral and IV administration 
due to the lack of mechanistic clarity of the nasal-brain drug 
delivery route and the existence of uncertainties that the 
degree of drug delivery to the brain may vary greatly by var-
ious variables (such as formulation characteristics, admin-
istration methods, and physiological variability between 
individuals). Thus, many issues need to be overcome and 
resolved before the nasal-brain drug delivery route can be 
applied clinically for specific drugs. Sufficient verification 
and confirmation of the safety and effectiveness of nasal-
brain drug delivery agents are required.

Clinical application cases and research 
status

Formulation development and several clinical studies have 
been reported in relation to nasal drug administration. The 
nasal route has been chosen for effective systemic drug 
delivery, as well as local therapeutic purposes. Clinical tri-
als to deliver various therapeutic drugs targeting the cranial 
nervous system to the brain by focusing on the nasal-brain 
pathway are underway.

Table 2 shows examples of drugs that have been mar-
keted and used for drug application in the nasal cavity to 
date. Onzetra® Xsail® (Al-Salama and Scott 2016), and 
Spravato® (Jalloh 2020), which were relatively recently 
approved by the Food and Drug Administration (FDA) and 
marketed, are nasal drugs applicable to migraine and depres-
sive disorders, respectively, and are commonly used formu-
lations to relieve the symptoms of neurological disorders. 
Trudhesa® was also recently approved for marketing by the 
FDA as a nasal spray formulation for acute relief of migraine 
(FDA 2021b). Therefore, considering that the pharmacologi-
cal action point of these drugs is the cranial nervous system, 
the three formulations of Trudhesa®, Onzetra® Xsail®, and 
Spravato® will be closely related to drug delivery from the 
nasal cavity to the brain. In addition, some drugs have been 
approved for intranasal administration for topical treatment 
and adjuvant therapy not targeting the brain nervous system. 
Patanase® (FDA 2009), Optivar® (Wolff et al. 2007), and 
Nasonex® (Berkowitz et al. 1999) are formulations pre-
scribed to treat inflammatory and allergic symptoms in the 
nasal passages. Narcan® has been approved by the FDA 
for the acute treatment of symptoms of opioid poisoning 
(FDA 2015). The marketing of Narcan® suggests that rapid 
drug delivery to the CNS is possible via the nasal passages. 
In addition, with respect to viral vaccines, FluMist® has 
been approved for marketing by the FDA for the purpose 
of preventing influenza infection (FDA 2021a), and Heber-
Nasvac® has been marketed from Cuba for the prevention 
and/or treatment of hepatitis B (Pentón-Arias and Aguilar-
Rubido 2021). Both FluMist® and HeberNasvac® are nasal 

spray formulations, and their mechanism of action will be 
highly relevant to activating the immune system via the nasal 
passages. And Natesto® (Rogol et al. 2016) is a formulation 
prescribed to systemically compensate for testosterone in 
patients with hormone deficiencies and related conditions. 
These uses suggest that the nasal delivery route would be 
efficient not only for the topical treatment of nasal-related 
diseases, but also for hormone supply through the systemic 
circulation. In addition, Miacalcin® (FDA 2017a), Noctiva® 
(FDA 2017b), Baqsimi® (FDA 2019), and Synarel® (FDA 
2012) have been approved by the FDA as hormone adjuvant 
therapy through intranasal administration of peptide or hor-
monal proteinaceous substances. Suprefact®, formulated as 
a nasal solution of buserelin, a synthetic peptide analogue 
of a luteinizing hormone-releasing hormone (LHRH) ago-
nist, is marketed in Canada for the treatment of sex hor-
mone-related endometriosis and prostate cancer (Rohrer 
et al. 2018). Consequently, the marketing of Miacalcin®, 
Noctiva®, Baqsimi®, Synarel®, and Suprefact® for nasal 
applications suggested an effective delivery of peptides and 
hormonal proteins through the nasal passages.

The nasal delivery of a limited number of drugs has been 
evaluated in several trials. Table 3 presents examples of the 
clinical applications of drug delivery through the nasal cav-
ity. Most of the trials performed have been on drugs used 
to relieve the symptoms of mental disorders. Intranasal 
delivery of insulin to the brain not only alleviated diabetic 
neurological diseases but was clinically confirmed to be 
effective in relieving symptoms in patients with Alzhei-
mer’s and cognitive impairment (Benedict et al. 2011; Craft 
et al. 2012; Schmidt et al. 2009). Clinical trials of hyposmia 
patients showed that the nasal administration of insulin was 
effective in improving the sense of smell (Rezaeian 2018). 
And improved brain function was reported from the intra-
nasal administration of vasopressin (Brunnlieb et al. 2013; 
Pietrowsky et al. 1996a; Rilling et al. 2012). The intranasal 
administration of psychotropic drugs such as midazolam 
(Hosseini Jahromi et al. 2012; Javadzadeh et al. 2012; Klein 
et al. 2011; Tsze et al. 2017), remimazolam (Pesic et al. 
2020), diazepam (Gizurarson et al. 1999), ketamine (Frey 
et al. 2019; Hosseini Jahromi et al. 2012; Shimonovich et al. 
2016), esketamine (Daly et al. 2018), fentanyl (Frey et al. 
2019), and dexmedetomidine (Zhang et al. 2013) showed 
significant and rapid sedative effects in most clinical studies. 
These findings suggest that the clinical effect was improved 
by increasing drug delivery from the nasal cavity to the 
brain nervous system, which is the point of action of the 
drugs. The nasal administration of glutathione to Parkin-
son’s patients showed satisfactory tolerability and safety, and 
there was no significant deterioration in behavioral evalua-
tion (Mischley et al. 2015). Therefore, these results set the 
clinical basis for the long-term intranasal application of 
glutathione in a larger number of patients in the future. The 
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nasal administration of cholecystokinin-8 to healthy adults 
confirmed the delivery of peptides to the brain (Pietrowsky 
et al. 1996b). And the nasal administration of the antidote 
naloxone to opiate-addicted patients demonstrated effec-
tive clinical effects such as a higher level of consciousness 
than when administered intravenously (Sabzghabaee et al. 
2014). Overall, a significant number of clinical studies have 
concluded that intranasal drug administration was effective 
for symptom relief and as an alternative to conventional 
routes such as oral, IV, and subcutaneous routes. In particu-
lar, intranasal drug administration was reported to be more 
positive in the treatment of diseases related to the cranial 
nervous system. These results imply that drug delivery to 
the brain via the nasal cavity is clearly possible and very 
useful clinically.

In addition, in order to obtain an effective systemic 
response, rather than the main purpose of the action in the 
brain, clinical trials for intranasal administration of virus 
vaccines and hormones have been conducted. A clinical 
trial in which a respiratory syncytial virus (RSV) vaccine 
was administered intranasally confirmed that the immune 
response in the body was increased compared to placebo 
(Ascough et al. 2019). And intranasal administration of 
adenovirus type 5 vector based COVID-19 vaccine (Ad5-
nCoV) has been confirmed to have an effect equivalent to or 
superior to that of intramuscular injection (Wu et al. 2021). 
In addition, glucagon, an important hormone for raising 
blood glucose levels, has been confirmed to be effective in 
diabetic patients suffering from acute hypoglycemia (Suico 
et al. 2020). These suggested that, as mentioned above, the 
delivery of peptide hormone drugs and vaccines into the 
body through the nasal cavity is sufficiently effective and 
feasible.

However, not all cases of intranasal drug administration 
showed satisfactory clinical effects. That is, in some cases, 
no significant improvement was confirmed in terms of the 
targeted clinical effect according to intranasal drug admin-
istration. As an example, although intranasal administration 
of oxytocin (OT) has been shown to increase the delivery 
of OT to the cranial nervous system (Guastella et al. 2009; 
Mayer et al. 2021; Yamasue et al. 2020), no significant clini-
cal effects on alleviating psychiatric disorders has been iden-
tified in some cases (Mayer et al. 2021). And although it was 
not a study targeting the cranial nervous system, intranasal 
administration of mupirocin to patients undergoing abdomi-
nal digestive surgery did not sufficiently prevent infections in 
the surgical site (Suzuki et al. 2003). In the case of OT and 
mupirocin, the clinical usefulness of intranasal administra-
tion may become clearer as clinical trials are applied to more 
subjects in the future and route-related mechanism studies 
are performed.

Ta
bl

e 
3 

 (c
on

tin
ue

d)

D
ru

g
Ro

ut
e

D
is

ea
se

St
ud

y 
in

fo
rm

at
io

n
Eff

ec
ts

Re
fe

re
nc

es

Re
m

im
az

ol
am

IN
–

Te
n 

he
al

th
y 

m
al

e 
vo

lu
nt

ee
rs

 1
8–

45
 y

ea
rs

 o
ld

 
pa

rti
ci

pa
te

d 
in

 a
 ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 

9-
pe

rio
d 

cr
os

s-
ov

er
 d

es
ig

n 
stu

dy
Si

ng
le

 IN
 d

os
es

 o
f 1

0,
 2

0,
 a

nd
 4

0 
m

g 
re

m
im

a-
zo

la
m

 a
s p

ow
de

r o
r s

ol
ut

io
n 

w
ith

 IN
 p

la
ce

bo

IN
 a

dm
in

ist
ra

tio
n 

of
 re

m
im

az
ol

am
 w

as
 sa

fe
 a

nd
 

ca
us

ed
 se

da
tiv

e 
eff

ec
ts

H
ow

ev
er

, I
N

 re
m

im
az

ol
am

 c
au

se
d 

se
ve

re
 p

ai
n 

an
d 

di
sc

om
fo

rt

Pe
si

c 
et

 a
l. 

(2
02

0)

R
SV

 v
ac

ci
ne

IN
–

Fo
rty

-e
ig

ht
 h

ea
lth

y 
vo

lu
nt

ee
rs

 1
8–

49
 y

ea
rs

 o
ld

 
pa

rti
ci

pa
te

d 
in

 a
 ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 

pl
ac

eb
o-

co
nt

ro
lle

d 
tri

al

In
du

ce
d 

sy
ste

m
ic

 p
la

sm
ab

la
st 

re
sp

on
se

s a
nd

 
si

gn
ifi

ca
nt

, d
ur

ab
le

 in
cr

ea
se

s i
n 

R
SV

-s
pe

ci
fic

 
se

ru
m

 a
nt

ib
od

ie
s i

n 
he

al
th

y 
su

bj
ec

ts
Th

er
ef

or
e,

 it
 w

as
 p

ro
po

se
d 

as
 a

 n
on

-r
ep

lic
at

in
g 

IN
 

R
SV

 su
bu

ni
t v

ac
ci

ne
 th

at
 in

du
ce

s a
 su

st
ai

ne
d 

an
tib

od
y 

re
sp

on
se

 in
 h

um
an

 v
ol

un
te

er
s

A
sc

ou
gh

 e
t a

l. 
(2

01
9)

IN
 in

tra
na

sa
l; 

IV
 in

tra
ve

no
us

; I
M

 in
tra

m
us

cu
la

r; 
Ig

G
 Im

m
un

og
lo

bu
lin

 G
; A

VP
 a

rg
in

in
e-

va
so

pr
es

si
n;

 O
T 

ox
yt

oc
in

; A
SD

 a
ut

is
m

 sp
ec

tru
m

 d
is

or
de

r; 
C

CK
 c

ho
le

cy
sto

ki
ni

n;
 R

SV
 re

sp
ira

to
ry

 sy
nc

yt
-

ia
l v

iru
s



Journal of Pharmaceutical Investigation 

1 3

Key targets and major consideration factors 
for nasal‑brain drug delivery

The major factors to be considered for drug delivery from 
the nasal cavity to the brain can be largely divided into for-
mulation aspects and other safety and clinical application 
aspects.

Formulation aspects

For nasal-brain drug delivery, the physicochemical prop-
erties of candidate drugs should be considered first. This 
means that the water solubility of the drug and the log P 
derived from the octanol/water partition coefficient are very 
important formulation considerations (Wermeling 2013) 
because the application and usage of surfactants for the 
solubilization of drugs depends upon the degree of water 
solubility of the drug. log P is a value indicating the degree 
of lipophilicity and represents the probability that a com-
pound will diffuse across biological membranes. Therefore, 
the higher the log P, the greater the probability that the drug 
will penetrate the nasal mucosa and olfactory cell layers and 
enter the brain parenchyma. Drugs that have been successful 
in nasal-brain drug delivery tended to be water-soluble and 
have sufficient lipophilic properties to readily cross biologi-
cal membranes (Wermeling 2013).

The adaptation of the nasal-brain delivery route for poorly 
soluble drugs may require additional solubilization strate-
gies, including the use of organic cosolvents, excipients such 
as cyclodextrins or other agents from water-soluble inclusion 
complexes, or emulsion preparations. And for drugs whose 
penetration of the nasal mucosa is restricted, membrane pen-
etration can be improved using surfactants or polymers. The 
use of permeation enhancers may be necessary to further 
enhance drug penetration through the cell membrane. In this 
regard, a previous study (Nonaka et al. 2008) co-adminis-
tering α-cyclodextrin as an absorption enhancer confirmed 
that the effect of galanin-like peptide delivery from the nasal 
passages to the brain was increased by 2–3 times.

As confirmed in previous reports (Cho et al. 2011; Hor-
vát et al. 2009; Illum et al. 2002; Jogani et al. 2008; Qian 
et al. 2014), the proportion of the formulation deposited on 
the nasal mucosa should be high. In past studies (Cho et al. 
2011; Horvát et al. 2009; Illum et al. 2002; Jogani et al. 
2008; Qian et al. 2014), when a mucoadhesive agent was 
applied to the formulation compared to the case where it 
was not, mucoadhesive application showed significantly 
higher bioavailability and efficiency of drug delivery to the 
brain. In addition, when in situ gelation, a type of mucoad-
hesive strategy, was applied to intranasal formulations, a 
higher drug delivery effect of Huperzine A, a neuropro-
tective agent, to the brain was seen compared to oral and 

IV formulations (Zhao et al. 2007). Viscosity enhancing 
agents, such as methylcellulose, can promote drug reten-
tion in the nasal cavity by slowing the ciliary movement of 
mucus. As a result, the application of mucoadhesive and 
viscous agents to formulations may minimize the extent to 
which the drug passes from the nasal cavity to the pharynx 
and is removed. One study found that positively charged 
chitosan groups could interact with negatively charged cell 
membranes (Borchard et al. 1996). Therefore, it will be pos-
sible to increase drug delivery to the brain by imparting an 
appropriate positive charge to the formulation to improve 
nasal mucosal adhesion.

As presented as a limitation of nasal-brain drug deliv-
ery (see section “Pharmacological benefits”), the amount 
of drug that can be administered nasally is limited. One 
past study (Wermeling 2013) reported that the nasal cav-
ity could hold approximately 100–150 μL of nasal formula-
tions without causing an immediate outflow in the front of 
the nose or down the nasopharynx. Therefore, formulation 
studies focusing on targeting and drug stability are needed 
so that a large amount of drug can be delivered from the 
nasal cavity to the brain even with a small amount of for-
mulation applied. In addition, in the case of nanoformula-
tions, a specific loading strategy may be applied to maximize 
the amount of drug loaded into the carrier. For example, in 
the case of low molecular weight heparin with a negative 
charge on the surface, polyethylenimines (PEI) with a posi-
tive charge were applied to increase drug loading via ionic 
interaction, and at the same time, the drug absorption into 
the nasal cavity was increased by neutralizing the electrical 
properties (Yang et al. 2006).

To provide a consistent drug effect between subjects and 
trials, it is necessary to consider the variability due to the 
nasal administration of the formulation, especially in terms 
of the device used. Thus, the development of a device that 
can place a drug in an appropriate place, such as the olfac-
tory or respiratory region in the nasal cavity, while minimiz-
ing variability between applications, will be an important 
part of effective nasal-brain drug delivery. The examples of 
applicable devices are needle-less syringes, high-pressure 
sprays, breath actuators, and electronic atomizers (Agrawal 
et al. 2018).

Finally, since drugs and formulations must be stable in the 
device during processing such as sterilization and storage, 
antioxidants such as ascorbic acid and α-tocopherol (Astete 
et al. 2011), which are stabilizers, need to be additionally 
considered. It is also necessary to evaluate the stability of 
the formulation in relation to the degradation of the drug 
under various physicochemical conditions. This will include 
not only the instability of the formulation due to external 
temperature changes and light, but also the degree of drug 
degradation by various hydrolytic enzymes present in the 
nasal mucosa (Thiebaud et al. 2011). And in relation to the 
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long-term storage stability of the formulation, a non-zero 
zeta potential of more than ± 20–30 mV should be consid-
ered (Jang et al. 2019, 2020; Jeong et al. 2018). A previous 
report (Wermeling 2013) suggested that it may be useful 
to design formulations to be isotonic or slightly hypertonic 
to optimize intranasal absorption and drug tolerability to 
minimize the heterogeneity of the nasal mucosa in terms of 
osmotic pressure and prevent the burst release and loss of the 
drug due to the destruction of the dosage form.

Although there have been no reports on optimal parti-
cle and/or molecular sizes for the nasal-brain drug delivery 
route, the physical size of the formulation is likely to be 
one of the important factors for nasal-brain drug delivery 
because although the nasal mucosa has relatively high per-
meation flexibility compared to other biological membranes, 
there may be a cut-off size that limits permeation due to 
physiological factors such as the diameter of the olfactory 
nerve neurons. Past studies (Huang and Donovan 1996; Rej-
man et al. 2004) reported a difference in the degree of pas-
sage through the cell membrane depending upon the size 
of the particles. Particles with a diameter of 50–100 nm 
were internalized into cells faster than 20-nm nanoparti-
cles, although the mechanism was unclear (Rejman et al. 
2004). Also, there was a difference in the main mechanism 
of passage through the cell membrane according to particle 
size. For nanoparticles of 200–1000 nm, caveolae-mediated 
endocytosis was confirmed to be the main permeation mech-
anism. One study (Huang and Donovan 1996) confirmed 
that 10-nm carboxylated polystyrene particles and 200-nm 
amine-modified polystyrene particles passed through the 
rabbit nasal respiratory epithelium mainly paracellularly 
and transcellularly, respectively. Therefore, past reports 
(Huang and Donovan 1996; Rejman et al. 2004) implied 
that a particle size of 100 nm or less was sufficient to trans-
port drugs through the nasal mucosa to the brain. In gen-
eral, it is very difficult for high molecular weight peptides 
and proteins to penetrate cell membranes, and it is known 
that the brain, which is an important organ in the body, is 
thoroughly equipped with defense mechanisms to prevent 
foreign substances from entering arbitrarily (Agrawal et al. 
2018). These features have been a major limitation in the 
delivery of high molecular weight pharmaceuticals to the 
cranial nervous system. However, previous studies (Francis 
et al. 2008; Nonaka et al. 2008; Zhang and Zhang 2010) 
experimentally confirmed that high molecular weight pep-
tides and/or proteins equivalent to several thousand Daltons 
were delivered to the brain through the nasal mucosa. This 
means that drug delivery from the nasal cavity to the brain 
was relatively unconstrained by formulation or drug size 
compared to other routes of administration, suggesting a sig-
nificant advantage of the nasal-brain drug delivery route. To 
deliver the drug to the brain when the dosage form is admin-
istered orally or intravenously, it must have a small particle 

size of approximately 50–100 nm or less or 600 Da or less, 
which can pass through the BBB without much difficulty 
(Banks 2009). Some particles with sizes of approximately 
200 nm and/or molecules larger than 600 Da may also be 
able to cross the BBB through mechanisms of clathrin-
mediated endocytosis or transmembrane diffusion, but to a 
very limited extent (Ceña and Játiva 2018). Therefore, for 
formulations delivered to the brain through BBB penetra-
tion, the physical size becomes a very important factor in 
delivery efficiency. However, since the nasal-brain delivery 
route has relatively great flexibility in terms of particle and/
or molecular size, the electrical properties of the surface, 
such as the interaction between the positive charge on the 
formulation surface and the negative charge on the mucosal 
cells, may be more important than the size factor in delivery 
efficiency (Borchard et al. 1996).

There are many immune cells in the brain lymphatic sys-
tem, as well as in the nasal mucosa (Pandey et al. 2020). 
Therefore, it has been suggested that the nasal-brain route is 
effective for vaccine delivery (Pandey et al. 2020). Accord-
ing to one report (Jackson and Herbst-Kralovetz 2012), 
the intranasal administration of murabutide, a synthetic 
immunomodulator, improved the humoral and mucosal 
immune responses to virus-like particles. The presence of 
the immune system suggested that nanoformulations admin-
istered through the nasal-brain route could be extensively 
phagocytosed and cleared by immune cells. Consequently, 
the degree of clearance of nanoformulations by the immune 
system should be considered in nasal-brain drug delivery. 
For example, in nanoparticles and nanoemulsions of simi-
lar sizes (Jang et al. 2019, 2020), the in vivo clearance of 
nanoparticles was larger than that of nanoemulsions, and 
opsonization was proposed as one of the causes (Jeong et al. 
2021b). In this regard, past reports (Owens III and Peppas, 
2006; Wani et al. 2020) have suggested that the surface 
strength of nanoparticles was relatively easier to opsonize 
in the body than materials with soft surfaces such as nanoe-
mulsions, and as a result, nanoparticles could be extensively 
phagocytosed by the immune system. Therefore, formulation 
selection taking into account opsonization related to immune 
recognition and immune system evasion strategies such as 
polyethylene glycol (PEG)ylation need to be implemented in 
nasal-brain drug delivery. The PEGylation of formulations 
would be an effective strategy to improve drug stability and 
significantly reduce immunogenicity (Veronese and Mero 
2008).

Other factors including clinical applications 
and safety

As mentioned earlier (see section “Nasal-brain lymphatic 
system”), the olfactory/nasal lymphatic route mainly 
involves the draining of brain CSF into cervical lymph nodes 



Journal of Pharmaceutical Investigation 

1 3

(Pardeshi and Belgamwar 2013; Sun et al. 2018). Therefore, 
drug delivery from the nasal cavity to the brain using the 
olfactory/nasal lymphatic route should be in the opposite 
direction of lymphatic drainage. Consequently, for effective 
drug delivery to the brain parenchyma, research on formu-
lations and related mechanisms with the driving force to 
overcome lymphatic drainage needs to be prioritized.

It is necessary to consider the physiological conditions 
of the nasal cavity in the nasal application of formulations 
because the absorption of formulations from the nasal 
mucosa can vary greatly depending upon the physiological 
state of the nasal passages. Thus, in some cases, such as 
inflammation or swelling of the nasal mucosa, the absorption 
of the formulations will be greatly decreased or increased. 
As the physical spacing of the nasal mucosal cells is wid-
ened, the absorption of formulations may be increased 
abruptly or the absorption may be hindered by secretions 
related to inflammation.

Regarding patient compliance in clinical practice, the 
route of administration of the formulation is nasal, so the use 
of excipients with any unpleasant odor or causing aggressive 
discomfort in the nasal cavity will be extremely limited. In 
terms of safety, formulations using non-immunogenic sub-
stances with excellent biocompatibility are required. Exam-
ples include chitosan, lectin, and lecithin, which are natural 
products and are non-immunogenic in the body. Synthetic 
polymers such as PEG, polylactic acid (PLA), and polylac-
tic-co-glycolic acid (PLGA), have been actively applied in 
the nanoformulations of various drugs because they are bio-
degradable without significant accumulation in the body, 
and have almost no reported fatal toxicity to date (Jeong 
et al. 2018).

Future prospects

There are still many hurdles to overcome for successful 
nasal-brain drug delivery. Therefore, it is expected that 
studies to improve the limitations and elucidate the mecha-
nisms of the pathways involved will continue. Efforts are 
needed to clarify the mechanisms of drug delivery from the 
nasal cavity to the brain so that formulations can reach key 
points in nasal-to-brain drug delivery. And it is necessary to 
design a formulation with physical strength so that formu-
lations that have reached key points in the nasal cavity are 
not easily removed by physicochemical factors and main-
tain proper bonding strength. Adhesiveness may be appli-
cable as a controlled release formulation for cases where 
it is necessary to maintain a sustained drug concentration 
in terms of neurological effects. To date, nasal-brain drug 
delivery studies have mainly focused on drug transport to 
the brain, and lacked information on mechanistic approaches 
that allow drugs (transmitted to the cranial nervous system) 

to act on specific elements within brain tissue. Therefore, 
targeted research that allows drugs to act only on specific 
factors to reduce side effects and increase therapeutic effects 
is expected to be actively applied to the nasal-brain delivery 
route. The results of research on target factors that are the 
key to the onset and treatment of various cranial nervous 
diseases can be used to reduce side effects in areas unrelated 
to lesions by targeting only specific elements within the cra-
nial nervous system.

Delivering high molecular weight pharmaceuticals such 
as peptides and proteins to the brain, especially via the 
BBB, has been a huge challenge. However, according to past 
reports (Francis et al. 2008; Nonaka et al. 2008; Zhang and 
Zhang 2010), high molecular weight substances were trans-
ported to the brain via the nasal-brain route, and the levels 
were significantly higher than that of other routes of admin-
istration. Therefore, the nasal-brain route is expected to be 
studied more actively as a delivery route for high molecu-
lar weight drugs. Many recent studies have applied various 
nanocarriers, targeting ligands, and mucoadhesive agents to 
formulations to increase the degree of drug transport to the 
brain through the nasal mucosa (Agrawal et al. 2018; Baha-
dur et al. 2020; Pandey et al. 2020). In addition, to overcome 
the physicochemical factors that limit drug delivery, electri-
cal neutralization or solubilization using appropriate addi-
tives and stealth strategies to avoid extensive clearance by 
the immune system are being attempted. It is expected that 
the design of novel strategies for nasal-brain drug delivery 
will continue in the future with the development of formula-
tion technology.

According to previous reports (Agrawal et al. 2018; Baha-
dur et al. 2020; Chatterjee et al. 2019; Pandey et al. 2020), 
a significant number of nasal-brain drug delivery studies are 
still at the preclinical level, especially in rodents. However, 
the cases extended to the actual clinical stage are very limited 
compared to the number of preclinical studies, and only had a 
few drug types. This is probably because most of the studies 
on formulations for nasal-brain drug delivery remain at the 
laboratory level, and there are limitations in batch scale-up and 
difficulties in uniform production and validation. Therefore, in 
future nasal-brain drug delivery studies, efforts will continue 
to expand and apply clinically to more and different drugs 
based on the hopeful results from preclinical studies.

Conclusion

The treatment of neurological diseases such as brain tumors, 
Alzheimer’s, Parkinson’s, and seizures has long been a major 
challenge. This may be deeply related to the fact that drug 
delivery to the brain has been very limited, in addition to the 
lack of a clear cure point for these diseases due to the com-
plexity of the cranial nervous system. As an effective alterna-
tive for delivery, the nasal-brain drug delivery route has been 
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proposed, and the results of studies on drug delivery to the 
brain via the nasal cavity have been continuously reported. 
However, there are still questions about the nasal-brain path-
way, and the systematization of related information is insuf-
ficient. Therefore, based on the importance of the nasal-brain 
drug delivery pathway and the need for further research, this 
review focused on the topical drug delivery to the brain via 
the nasal cavity and explored related content. The nasal-brain 
route has several attractive points: it is a non-invasive route and 
avoids the first-pass effect and the BBB, which are the biggest 
obstacles to reaching therapeutic drug concentrations in the 
brain. In particular, the ability to deliver high molecular weight 
drugs to the brain is very surprising and interesting. The nasal-
brain route of administration is expected to be actively used 
in the treatment of intractable neurological diseases through 
effective drug delivery to the brain. The physiological informa-
tion and pathway characteristics including the advantages and 
limitations presented in this review will be useful for under-
standing the nasal-brain pathway as a drug delivery route. In 
addition, the proposed factors to be considered in the nasal-
brain drug delivery will be useful in the development of related 
formulations and clinical applications in the future.
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