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Abstract
While the intranasal administration of drugs to the brain has been gaining both research attention and regulatory success 
over the past several years, key fundamental and translational challenges remain to fully leveraging the promise of this drug 
delivery pathway for improving the treatment of various neurological and psychiatric illnesses. In response, this review 
highlights the current state of understanding of the nose-to-brain drug delivery pathway and how both biological and clinical 
barriers to drug transport using the pathway can been addressed, as illustrated by demonstrations of how currently approved 
intranasal sprays leverage these pathways to enable the design of successful therapies. Moving forward, aiming to better 
exploit the understanding of this fundamental pathway, we also outline the development of nanoparticle systems that show 
improvement in delivering approved drugs to the brain and how engineered nanoparticle formulations could aid in break-
throughs in terms of delivering emerging drugs and therapeutics while avoiding systemic adverse effects.
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IN = Intranasal

Summary
This review highlights the current state of understanding of the nose-to-brain drug
delivery pathway and how both biological and clinical barriers to drug transport can been
addressed for the treatment of various neurological and psychiatric illnesses. We
inves
gate the design of currently approved IN sprays leveraging this pathway as well as
describing nanopar
cle systems that show improvement in the delivering the same
approved drugs to the brain and how engineered nanopar
cle formula
ons could aid in
breakthroughs in terms of delivering emerging drugs and therapeu
cs.

Clinical Trials + DrugBank 
Databases

Transla�onal ChallengesTherapeu�c Approvals

Excipients and Novel Carriers Nose to Brain Pathways

Key Findings
• The IN route can circumvent many issues with the delivery of drugs to the brain but

itself presents new challenges around clinical implementa
on and overcoming
biological barriers.

• Exis
ng approved IN formula
ons for CNS delivery primarily consist of a potent ac
ve
ingredient combined with a minimal number of func
onal excipients, with delivery
enabled by the inherent proper
es of the drug itself.

• Emerging intranasal formula
ons are focused on enabling efficient delivery of drugs
that are not inherently IN permeable into the brain.
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Key Points 

drug delivery due to its high permeability, leaky intercel-
lular junctional complexes, and extensive vascularization 
[8]; (3) the olfactory and trigeminal nerve pathways that 
innervate the nasal epithelium provide a direct route to the 
brain resulting in enhanced CNS therapeutic bioavailability, 
decreased peripheral side effects, and reduced dosage [9, 
10]; and (4) from a patient care perspective, the IN route 
is non-invasive, easy to self-administer, and may be more 
acceptable for patients with movement disorders, nausea, 
impaired gastrointestinal function, and/or salivary gland 
dysfunction (dry mouth) [11].

Many reviews have recently been written on the mecha-
nisms and benefits of the IN delivery of CNS therapeutics. 
Kashyap et al. [12] describe general nanoparticle-based 
approaches for nose-to-brain delivery, Xu et al. [13] and 
Rabiee et al. [14] both describe recent advances in nano-
particle-mediated IN drug delivery for IN antidepressants 
and Alzheimer’s disease (AD) therapeutics, respectively 
[12–14], while Keller et al. and Tan et al. [15, 16] both 
described what types of excipients are useful for IN delivery, 
the former with a more specific emphasis on toxicological 
challenges. These reviews all present a similar perspective 
of the physiology, mechanisms, and utility of IN delivery, 
although some ideas such as the nature of the N2B media-
tors are still being debated [17]. Since our own previous 
collaborative review (from 2017) focusing on IN nano-
technologies for antipsychotic drug delivery [18], several 
clinically approved CNS drugs have been formulated into 
approved IN delivery vehicles (see Table 1); however, to 
our knowledge, no review to date has focused on clinically 
approved IN drugs for the treatment of a broad spectrum of 
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Fig. 1  The growing popularity of intranasal delivery research as dem-
onstrated via the increasing number of publications in recent years. 
Publications are a summation of results from a Web of Science key-
word search for “intranasal delivery”, using a custom range selection

The intranasal (IN) route can circumvent many issues 
with the delivery of drugs to the brain, but itself presents 
new challenges around clinical implementation and over-
coming biological barriers.

Existing approved IN formulations for CNS delivery 
primarily consist of a potent active ingredient combined 
with a minimal number of functional excipients, with 
delivery enabled by the inherent properties of the drug 
itself.

Emerging intranasal formulations are focused on ena-
bling efficient delivery of drugs that are not inherently 
IN permeable into the brain.

1 Introduction

Central nervous system (CNS) disorders are the leading 
cause of disease globally and are currently experiencing 
increasing prevalence due to population growth, prolonged 
lifespans and more recently the COVID-19 pandemic [1, 2]. 
These disorders, which include neoplastic, neurodegenera-
tive (e.g. Parkinson’s and Alzheimer’s), and major psychi-
atric disorders (e.g. depression, schizophrenia, and bipolar 
disorder), are inherently challenging to treat pharmacologi-
cally due to the blood-brain barrier (BBB)—the distinctive 
microvasculature in the brain that functions to tightly regu-
late the movement of ions, molecules, and cells between 
circulating blood plasma and the brain [3]. While the BBB 
serves to protect the brain from toxins and pathogens, it also 
creates a significant obstacle for the delivery of therapeu-
tics, with 98% of small molecules and almost 100% of large 
molecules unable to cross into the brain [4, 5]. Thus, there 
remains a need to develop innovative strategies that can suc-
cessfully target therapeutics to the brain for the treatment of 
CNS disorders.

Intranasal (IN) delivery is increasingly being investigated 
as an alternative approach for delivering therapeutics to the 
CNS for the treatment of associated disorders (Fig. 1). The 
nose-to-brain (N2B) route offers several advantages for drug 
delivery as compared to traditional oral administration: (1) 
the N2B route circumvents major pharmacokinetic obstacles 
typically associated with oral CNS drug delivery including 
gastrointestinal pH and enzymes, delayed/variable absorp-
tion, first-pass hepatic drug metabolism, serum-associated 
degradation, kidney filtration, and the BBB [6, 7]; (2) the 
nasal epithelium provides an optimal absorption surface for 
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neurological and psychiatric disorders and their emerging 
nanoparticle designs.

In this review, we focus on the rational design of transla-
tional IN delivery approaches for drugs already approved for 
clinical use or currently under investigation. While the list 
of approved drugs included is comprehensive for the USA, 
the therapeutics are also often approved in other jurisdic-
tions with similar dosages. We first provide a brief overview 
of IN drug delivery focused on the anatomy of the nasal 
cavity, pharmacokinetics, and translational shortcomings of 
direct N2B delivery; thereafter, we provide an engineering-
oriented outlook of current clinically approved IN drugs, 
their intrinsic pharmacokinetic profiles, and appropriate 
excipient selection for effective IN delivery of such drugs, 
including nanoscale delivery vehicles recently reported to 
improve IN administration and brain penetration for similar 
drugs. Finally, we envision the outstanding needs in the field 
to further improve the efficacy of IN-based CNS therapeutics 
both within their current scope as well as in expanded fields.

2  Anatomy and Physiology of the Nasal 
Cavity

The nose is partitioned into two nasal cavities divided along 
the midsagittal plane by structures of bone and cartilage 
known as the nasal septum. Each cavity is lined by a con-
tinuous thin layer of nasal epithelial cells (one to two cells 
thick), beneath which lies the lamina propria that contains 
various types and amounts of blood and lymphatic vessels, 
nerves, glands, and mesenchymal cells, depending on the 
location of the nasal epithelium [19]. The nasal epithelium 
can be divided into three regions based on the type of cells 
present: the vestibule, respiratory epithelium, and olfactory 
epithelium (Fig. 2).

1. The nasal vestibule is the most anterior part of the nasal 
cavity and is lined by squamous epithelial cells and 
coarse nasal hairs that function to filter out large par-
ticulates while allowing small particles such as odorants 
to pass. Therapeutics intended for localized nasal treat-
ments are typically applied here since drug absorption is 
negligible due to this region’s small surface area (~ 0.6 
 cm2) and low vascularization [20].

2. The respiratory epithelium is posterior to the vestibule 
and functions to filter, warm, and humidify inhaled air 
destined for the lungs. This region consists of four cell 

Fig. 2  Structure and composition of the human nasal cavity. The 
olfactory epithelium (OE) is the region highlighted in red. Olfactory 
sensory neuron (OSN) axons project from the OE through perfora-
tions in the cribriform plate to the olfactory bulb. These axons are 
bundled together by olfactory ensheathing cells (OECs) in the lamina 
propria. Sustencular cells, Bowman’s glands, and basal cells are also 

part of the OE. The respiratory epithelium, which lines most of the 
nasal cavity, is the region highlighted in green. The region is made 
up of ciliated and non-ciliated columnar cells, mucus secreting gob-
let cells, and basal cells. Branches of the trigeminal nerve originat-
ing from the brainstem innervate this region. Image constructed from 
information presented in [29]. Created with BioRender.com
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types: ciliated and non-ciliated columnar cells, goblet 
cells, and basal cells. Goblet cells secrete mucus, which 
consists of mucins, immunoglobulins, lysozymes, and 
water, while basal cells are progenitors for the other cell 
types [21, 22]. Together, these cells protect the respira-
tory system from inhaled pathogens by performing nasal 
mucociliary clearance (MCC), a defense mechanism 
intended to transport foreign pathogens and particles 
entrapped in mucus lining the nasal epithelium towards 
the nasopharynx to be swallowed into the gastrointesti-
nal tract and thus avoid reaching lower respiratory tracts 
(i.e. the lungs) [23]. The typical MCC transit time in 
humans is ~ 15 min, making MCC an essential con-
sideration for IN drug delivery as the contact time of 
therapeutics exposed to the nasal epithelium is limited 
by this clearance time unless the carrier itself manipu-
lates these kinetics (i.e. by adhering to the mucous) [24]. 
The respiratory region is considered the main site for 
systemic drug entry due to its large surface area (~ 130 
 cm2/90% of nasal region) and extensive vasculariza-
tion. The ophthalmic (V1) and maxillary branches (V2) 
of the trigeminal nerve (CNV)—which originate from 
the brainstem—innervate this region, and can provide 
a direct pathway to deliver therapeutics directly to the 
CNS.

3. The olfactory epithelium is located in the superior pos-
terior portion of the nasal cavity, which covers ~ 10% 
(~ 5–10  cm2) of the total nasal epithelial surface area 
[21, 25]. This region consists of several cell types 
including basal cells, sustentacular cells, Bowman’s 
(olfactory) glands, and (most notably) the olfactory 
sensory neurons (OSNs) [26]. OSNs are responsible for 
sensing and transducing odorant information to the brain 
through the olfactory nerve pathway, which consists of 
the OSNs, lamina propria, and the olfactory bulbs that 
project to various brain regions. This pathway has been 
shown to serve as a direct route for drug delivery to the 
brain. Axons of OSNs project directly to the olfactory 
bulb through perforations in the cribriform plate of the 
ethmoid bone and are enclosed by olfactory ensheath-
ing cells (OECs) and olfactory nerve fibroblast (ONFs), 
which form a continuous perineural channel envelop-
ing axons until they synapse with second-order neurons 
in the glomeruli of the olfactory bulbs [27, 28]. The 
lamina propria of the olfactory epithelium also houses 
the maxillary branch of the trigeminal nerve and can 
further serve as a pathway for direct CNS drug delivery.

3  Mechanisms of Nose‑Brain (N2B) Drug 
Delivery

The transportation of therapeutics from the nasal epithelium 
directly to the CNS occurs primarily through the olfactory 
and trigeminal nerve pathways using intracellular- and/or 
extracellular-dependent processes. However, based on spe-
cific therapeutic and excipient properties, it is likely that one 
pathway and mechanism dominates transport. The surround-
ing blood and lymphatic vessels may absorb therapeutics 
and distribute them systemically, with a small portion of the 
drug also eventually reaching the brain via an indirect route.

3.1  The Olfactory Nerve Pathway

Therapeutics that reach the posterior-superior portion of the 
nasal cavity convene at the olfactory epithelium, which con-
sists of OSNs. Axons of OSNs are bundled together in the 
lamina propria by the OECs and project directly to the olfac-
tory bulbs. These axons form the olfactory nerve (CNI) and 
provide a direct connection between the olfactory epithelium 
and the brain. OECs enclose OSNs and form a continuous 
channel between the lamina propria and the subarachnoid 
space between the olfactory bulbs [26].

Intracellular transport within the olfactory nerve axons 
has been shown typically within hours after IN administra-
tion [30]. Non-specific fluid-phase pinocytosis and receptor-
mediated endocytosis are the main intracellular mechanisms 
involved in internalizing substances into the apical dendrites 
of OSNs, depending on the nature of the therapeutic being 
transported. For example, horseradish peroxidase (HRP, 40 
kDa) lacks binding sites to the plasma membrane of OSNs 
such that non-specific fluid phase pinocytosis is thought to 
be the principal mode of entry, resulting in packaging of 
HRP into lysosomes for degradation; in contrast, wheat-
germ agglutinin HRP (WGA-HRP, 62 kDa) can bind to OSN 
surface glycoproteins, thus undergoing receptor-mediated 
endocytosis into neuronal Golgi-endoplasmic reticulum lys-
osomes and enabling its participation in cellular secretion 
and recycling [30–32]. Once substances are endocytosed by 
the OSNs in the olfactory epithelium, vesicles travel along 
the OSN axons towards the olfactory bulb to be exocytosed 
to second-order mitral-tufted cells in glomeruli that then 
project their axons (olfactory tracts) to various regions of 
the brain.

Extracellular transport of therapeutics from the olfac-
tory epithelium to the brain occurs through diffusion into 
the paracellular space around support cells and OSNs or 
through the uptake and transcellular transportation by sup-
porting cells into the lamina propria. Although the olfactory 
epithelium contains tight junction proteins, because of the 
contestant turnover of OSN (6–8 weeks), intercellular clefts 
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exist that can serve as transport channels [33]. Furthermore, 
small lipophilic molecules (and many small nanoparticles) 
can diffuse through the epithelium tight junction proteins 
into the lamina propria, with the use of excipients that can 
increase tight junction permeability increasing transport via 
this mechanism to more hydrophilic/larger small molecules 
or nanoparticles [34]. Once substances cross into the lamina, 
propria may be further distributed in one of three ways: (1) 
travel through perineural and perivascular projections to 
the CNS, providing a direct route for N2B delivery; (2) be 
absorbed by blood vessels into systemic circulation; (3) be 
absorbed into lymphatic vessels that drain to the cervical 
lymph nodes and eventually into the bloodstream for sys-
temic circulation [35, 36].

Systemic circulation and intracellular transport could 
require several hours to days for drugs to appear in olfactory 
bulbs. However, most IN delivery studies show substance 
detection in the olfactory bulbs within an hour of admin-
istration [37], suggesting extracellular pathways along the 
olfactory nerves are likely the primary transportation mecha-
nism to the CNS. Extracellular diffusion along the perineural 
space from the lamina propria to the olfactory bulbs is esti-
mated to take 0.73–2.3 h based on published studies [38]. 
However, studies using  [125I]-labelled IGF-1demonstrate 
rapid delivery to the CNS (~ 30 min), such that perineural 
diffusion cannot fully explain this observed rapid delivery 
[39]. Since there are arteries that supply the olfactory nerve 
with nutrients, bulk flow in the perivascular space may be 
one mechanism that can mediate rapid N2B transport. Bulk 
flow occurs due to the systolic vascular waves, which create 
high-pressure waves within the perivascular space and have 
a predicted transport time of 0.33 h, consistent with the rate 
of  [125I]-labelled IGF-1 delivery [38].

3.2  The Trigeminal Nerve Pathway

The primary function of the trigeminal nerve is to provide 
sensory and motor innervation to the facial area or facial tis-
sues. Sensory information such as pain and temperature from 
the nasal epithelium is relayed through the main trigeminal 
nucleus to the brainstem. The ophthalmic (V1) and maxil-
lary branches (V2) of the trigeminal nerve (CN5) innervate 
the nasal cavity and can serve as a direct route for brain drug 
delivery from the nasal cavity. The trigeminal nerve contains 
a third branch called the mandibular nerve (V3); however, 
it does not innervate the nasal cavity and therefore does not 
contribute to N2B delivery.

Various studies have demonstrated intraneuronal, peri-
neuronal, perivascular, and perilymphatic transport of sub-
stances within the trigeminal nerve following IN administra-
tion using similar intracellular and extracellular transport 
mechanisms to the olfactory nerve pathway. Based on pub-
lished studies, it is estimated that intracellular transport 

within trigeminal ganglion cells to the brainstem can occur 
in 3.7–13 h, extracellular diffusion along the trigeminal 
nerve can occur in 17–56 h, and extracellular bulk flow 
within the perivascular space of the trigeminal nerve can 
occur within 1.5–2 h; as such, rapid transport of  [125I]-IGF-1 
along the trigeminal nerve is likely primarily attributable to 
bulk flow transport [38, 39].

4  Challenges of Intranasal Delivery

Given the direct connection between the brain and the nasal 
cavity described above, IN delivery offers a unique way to 
circumvent many of the primary challenges around treating 
CNS disorders (i.e., the BBB and peripheral toxicity). How-
ever, delivery via the IN route also creates new challenges 
that need to be considered in the design and development of 
novel drug formulations for CNS disorders.

4.1  Chemical Limitations

Physiochemical properties of the drugs such as size, molecu-
lar weight, and lipophilic-hydrophilic balance significantly 
limit which drugs can be delivered intranasally and the effi-
cacy of nasal drug absorption. Mucus comprises 90–95% 
water and thus represents a partitioning-based physiologi-
cal barrier to the transport of many hydrophobic and highly 
lipophilic drugs (including many antipsychotics) as well as 
a diffusive barrier to the transport of larger molecular weight 
drugs to the nasal epithelium [40]. In addition, while small 
lipophilic drugs such as progesterone and dimethyl fumarate 
(DiF) are quickly absorbed through the nasal epithelia, the 
permeability of large molecules such as peptides and pro-
teins (> 1 kDa) is limited [41, 42]. In general, drugs with 
a molecular weight < 300 Da can sufficiently permeate the 
epithelium for direct CNS delivery while substances > 1 
kDa tend to get stuck in the mucus [43]. Particle size also 
affects the amount of drug absorbed, as larger droplets are 
rapidly cleared given that they are more likely to cause irrita-
tion and reflexive sneezing [44].

4.2  Biological Limitations

The nasal mucosa represents a significant barrier against the 
transport of substances from the external environment to the 
brain. IN administration of liquid-based formulations can 
undergo rapid elimination by MCC in as little as ~ 12–15 
min, while an additional (often significant) amount is lost 
due to drainage down the nasopharynx, which limits the con-
tact time for drug absorption [24, 45]. The nasal mucosa 
also contains defensive metabolic enzymes that act to protect 
the nasal cavity from harmful xenobiotic substances [46]. 
However, these enzymes can also metabolize drug products 
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and other small molecules administered intranasally [47], 
changing their solubility profile and/or their chemical struc-
ture to alter drug activity and/or permeation properties [48]. 
Furthermore, analogous to the P-glycoprotein pumps in the 
BBB, p-glycoprotein pumps have been discovered in the 
nasal and olfactory epithelium, septum, sinonasal mucosa, 
inferior turbinate, and the olfactory bulb, in some cases 
reducing the absorption of low molecular-weight drugs 
[49–51]. Therefore, to maximize CNS absorption and mini-
mize degradation, both slowing clearance and protecting the 
drug from enzymatic metabolism must be considered when 
developing and testing new drug-delivery vehicles.

4.3  Local Tissue Damage

Although, significantly less invasive than intracerebral 
injection for direct CNS administration [52–54], toxicity is 
a significant concern, especially for chronic conditions (like 
many CNS disorders) that require repeat treatment admin-
istration. Potential adverse effects include nasal irritation, 
itching, epistaxis, alterations in smell and taste, rhinosinusi-
tis, and damage to the nasal and olfactory epithelium [54]. 
Maintaining the pH of IN-administered formulations around 
human nasal pH (5.5–6.5) is also critical for minimizing 
the risk of nasal irritation and tissue damage [55]; however, 
many antipsychotics including aripiprazole [56], clozap-
ine [57], olanzapine [58], risperidone [59], and quetiapine 
[60] are moderately basic in solution, such that prolonged IN 
use could cause irritation and irreversible damage.

Toxicological considerations are relevant not only for 
the drug but also for the excipients within the formulations, 
including preservatives, surfactants and/or other absorption 
enhancers that may affect cellular contact [15]. In particu-
lar, drug formulations containing mucoadhesive agents that 
function to increase contact time with the nasal epithelium 
and/or penetration agents that disrupt cellular junctions 
within the nasal mucosa can pose increased risks of toxic 
effects. For example, tight junction modulators Clostridium 
perfringens enterotoxin (CPE) and Zonula occludens toxin 
(Zot) reversibly open tight junctions to facilitate paracellular 
drug absorption through nasal epithelia [61, 62], while the 
C-terminal fragment of CPE (C-CPE) disrupts tight junc-
tions through modulation of claudins and has been used 
to increase absorption of human parathyroid hormone in 
rats [63]. However, toxicity is a major concern with such 
modulators, with repeated administration shown to increase 
C-CPE-specific serum IgG levels [64]. Hence, derivatives 
of these absorption enhancers have been synthesized to 
decrease toxicity and are currently being evaluated for IN 
administration in vivo [65, 66]. Some drugs can also affect 
the ciliary beat frequency (e.g. atropine) [67, 68] or inhibit 
ciliary movement (e.g. local anesthetics such as ketamine/

xylazine and fentanyl) [69], increasing the potential for 
adverse effects.

Changes to or a loss of the sense of smell as a result of 
IN delivery can also be problematic since olfactory func-
tion contributes significantly to the flavour of food and is 
essential for detecting external hazards such as gas or fire 
[70, 71]. Indeed, a zinc-containing nasal decongestant spray 
known as Zicam was withdrawn from the US market in 2009 
after it was shown to cause anosmia in some users [72]. 
Olfaction dysfunction can also diminish the quality of life 
by decreasing appetite and general enjoyment of aromas [73, 
74], reducing long-term patient compliance.

4.4  Patient Heterogeneity

Nasal tolerability depends on many individual factors such 
as pre-existing illness, allergies, or infections, and patient 
differences in pH and metabolizing enzymes, influencing 
how drug formulations interact with the nasal mucosa and 
their subsequent absorbance [15]. Infections can change the 
pH and enzymatic makeup of the nasal cavity, and thus affect 
drug absorption and toxicity; for example, chronic bronchitis 
can increase nasal pH to 7.6–7.8 [75]. Race and gender dif-
ferences could also contribute to differences in drug delivery 
due to related differences in olfaction or respiratory func-
tion [76, 77]. Given that many controlled-release vehicles 
are pH-sensitive, such individual differences in nasal pH 
may affect how drugs are absorbed, introducing variability 
in dosing not seen with other routes of administration [55].

4.5  Volume Limitations

A major disadvantage of the IN route is the small nasal cav-
ity size and small surface area for absorption compared with 
the gastrointestinal tract or the circulatory system. This lim-
its the volume of drug formulation that can be administered 
to ~ 200 μL, significantly restricting the utility of IN delivery 
to only the most potent drugs. This is particularly true when 
factoring in the significant drug losses to systemic circula-
tion, swallowing, inhalation, or other clearance mechanisms 
[18, 37]; for example, esketamine, the S-enantiomer of keta-
mine approved as a nasal spray under the trade name Spra-
vato, shows a bioavailability of ~ 48%, significantly higher 
than that of oral esketamine (~ 8%), but still suggesting that 
the majority of the drug is cleared through other mechanisms 
[78]. Currently approved IN drugs for CNS diseases are 
available in milligram doses (e.g. esketamine, sumatriptan, 
diazepam, midazolam, and naloxone) (see Table 1), although 
only small doses in the nanogram range are actually needed 
for the therapeutic effect in the brain [16].
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4.6  Consistency of Administration

Since the olfactory region has a small surface area (~ 5–10  cm2) 
and is located in the upper part of the nasal cavity, targeting this 
region can be challenging and result in improper dosing [79]. 
Drugs intended for the olfactory nerve pathway, if improperly 
administered, may be absorbed in the highly vascularized res-
piratory region, limiting the amount of drug reaching the brain 
and increasing peripheral side effects. Administration devices 
such as bi-directional nasal insufflators and nasal atomizers 
are designed to facilitate distribution to specific regions of the 
nasal cavity while limiting lung deposition. However, the accu-
racy of these devices is complicated by patient-device interac-
tions, which can result in significant variability in dosing. For 
example, while IN administration of insulin had been used in 
small-scale pilot studies to preserve cognitive performance in 
patients with AD and mild cognitive impairment (MCI) with 
great success [80], a larger phase 2/3 study revealed feasibility 
issues associated with the self-administration device. Of the 289 
patients administered 40 IU insulin daily in the randomized, 
double-blind clinical trial, 49 used one administration device 
that was soon discontinued due to inconsistent dosing reliability; 
the remaining 240 patients used a new device that, while avoid-
ing any apparent operational issues, resulted in no differences 
in cognitive (ADAS-cog-12), functional, or cerebrospinal fluid 
(CSF) markers between the insulin- and placebo-treated groups. 
This result was attributed to limitations in the consistency of 
administration between patients [81], and highlights the need for 
proper IN administration devices that are easy to use. Another 
recent study examining the quality of daily administration of IN 
corticosteroid sprays also found that most participants improp-
erly administer the nasal spray according to the recommended 
steps, and concluded that administration techniques are inad-
equate in most patients [82]. As such, translational success of 
N2B delivery vehicles requires addressing this key point.

4.7  Airway Flow

For humans and most animals, the preferred airway is 
through the nose; as such, treatment of CNS disorders 
through the nasal cavity may interfere with natural breath-
ing patterns. As almost half of an adult’s total airway resist-
ance is nasal, minor increases in nasal resistance can have 
significant effects on breathing [83]. Repeat use of nasal 
sprays or mucoadhesive agents can cause drug-induced rhi-
nitis, inflammation, and congestion of the airways, either due 
to the drug itself or the additional excipients. In addition, the 
nasal cycle aims to keep the airway surface hydrated and 
enables each passageway to take turns in either predomi-
nantly undertaking the air-conditioning or mucus clearance 
functions; this can pose a dosing consistency challenge for 
drug doses that are not administered to both nostrils evenly 
[84].

4.8  Animal Model Limitations

Rodents are often used as test subjects in preclinical studies; 
however, differences in anatomy, limited volume, and admin-
istration techniques can limit the translatability of rodent 
results to humans. While the general structure of the rodent 
nose is similar to that of humans, the surface area of the olfac-
tory epithelium (the primary contact point for nose-to-brain 
delivery) accounts for 50% of the surface area of the nasal 
cavity in laboratory rats but only 10% in humans [85]. The 
significant difference in relative target area in these models 
may overestimate the efficacy of many formulations, lead-
ing to poor translational results. The small surface area of 
the rodent nasal cavity also greatly limits the amount of drug 
formulation that can be administered. In mice, the maximum 
volume of a drug solution that can be administered is 20–30 
μL (for formulations that do not persist in the nasal mucosa) in 
1- to 2-μL increments with a 3- to 4-min rest period between 
each inhalation, requiring between 30 and 45 min per ani-
mal [86]. The typical need for anesthesia for IN delivery 
in animals (again unlike with humans) further extends this 
required experiment time and may alter transport kinetics 
[87]. Devices engineered to allow for the IN administration 
of multiple mice simultaneously can increase feasibility; for 
example, a mouse-positioning device capable of holding four 
to eight anesthetized mice in head-down-and-forward position 
at a time was found to enable more efficient IN administra-
tion [86]. The typical use of pipetting for IN rodent delivery 
may also be a poor representation of practical IN administra-
tion techniques in humans that are almost uniformly based 
on aerosolization. Spray devices have been developed but 
pose challenges regarding variability in pressure uniformity 
and dose dispensed and effectiveness. The single-dose elec-
tronically pressurized spray device reported by Piazza et al. 
for IN delivery of nanoparticles to rats in part addressed this 
concern, with only 50–100 μL of a haloperidol-loaded NP 
suspension inducing a cataleptic response in rats and transport 
to the olfactory bulb and striatum at a higher concentration 
than with a pipette [88]; however, such devices are not trivial 
to use and are designed for clinic-only use rather than at-home 
use. As such, not only the formulation but also the delivery 
mechanism of the formulation (in both animal models and 
human clinical use) is critical for successful IN delivery.

5  Intranasal Formulation Design 
Considerations

In 2002 the US Food and Drug Administration (FDA) 
released documentation on the best practices for the chem-
istry and manufacturing controls of nasal spray solutions and 
suspensions. In the following section, we summarize those 
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considerations with respect to each component of a typical 
IN formulation [89].

5.1  Active Ingredients

Active ingredients refer to the drug compound(s) used for 
the treatment of the targeted condition. Both the pharma-
cological function and the physical characteristics of the 
active ingredient (e.g. particle size distribution, morphol-
ogy, orientation, impurities, microbial quality, etc.) must 
be specified within limits set by regulatory standards; for 
example, drug impurities must be < 0.1%. Active ingredients 
that can directly be delivered IN (at least without chemical 
alteration or specific formulation) are typically lipophilic to 
enable membrane partitioning, have a low molecular weight 
(< 1 kDa) to facilitate mucosal transport and paracellular 
transport, are either neutrally charged (to promote transcel-
lular transport) or charged but small (to promote paracellular 
transport), are stable to oxidation or enzymatic degradation, 
and are sufficiently water soluble (salt forms) to enable clini-
cally relevant dosing in the small volume suitable for IN 
delivery [90]. The physiochemical properties of the clini-
cally approved and under investigation IN active ingredients 
(see Table 2) reflect these key properties, with most mol-
ecules being low molecular weight (< 600 Da), lipophilic 
but slightly water soluble, and potent at low dosages.

As summarized in Table 1, many currently approved IN 
CNS-targeted formulations contain < 20 mg drug doses per 
spray due to the high potency of the active ingredients used. 
Formulations such as nicotine are purposefully formulated 
at lower concentrations for lower abuse liability due to their 
quick absorption [91], while IN drugs delivered locally (e.g. 
allergies, local anesthetics) or low-level systemic drugs 
(e.g. pain management, diabetes) are often formulated at 
even lower doses (< 1 mg/spray) due to their improved IN 
bioavailability.

Of note, compounds with physical properties outside of 
the traditional range (e.g. insulin, oxytocin, and other larger 
peptides) are now under investigation in clinical trials for 
CNS treatment. As such, the highest-impact IN formulations 
moving forward are likely to enable the delivery of active 
ingredients that do not meet the conventional criteria for IN 
delivery but also have key limitations in terms of other deliv-
ery mechanisms. Specifically, IN delivery would be particu-
larly useful for active ingredients with one (or more) of three 
key properties: (1) have low bioavailability via other routes 
(e.g. proteins and peptides, both of which suffer from high 
levels of degradation particularly via the oral route but also 
to some extent the intravenous (IV) route if CNS delivery 
is desired) [90, 92]; (2) have adverse effects or toxicity via 
other routes (e.g. zolmitriptan, which slows digestion and 
thus reduces its own absorption if administered orally) [90]; 
(3) require very fast action in emergency situations and/or 

the ability to be administered when the patient is uncon-
scious (e.g. drugs used to treat opioid overdose (naloxone, 
~ 3 min) or seizures (midazolam, ~ 12 min) [93], exploiting 
the fast transport kinetics of IN delivery).

5.2  Excipients

Excipients refer to the additional materials within a nasal 
spray that are added to improve the formulation and/or better 
meet the key criteria for IN delivery outlined above. Most 
excipients can be categorized into one of five major cat-
egories, all of which address some of the challenges of IN 
delivery outlined in section 4; the maximum potency and 
classification of such excipients (and examples in each class) 
that have been used in commercial N2B formulations are 
summarized in Table 3.

1. Buffers can maintain pH and thus reduce nasal irritation 
and/or maintain the active ingredient in a specific ioniza-
tion state to regulate its absorption rate.

2. Co-solvents can improve the drug solubility and/or 
increase drug loading, although water alone is used in 
most of the already clinically approved formulations.

3. Antioxidants can protect active ingredients from enzy-
matic or redox-induced degradation (particularly against 
enzymes in the nasal cavity).

4. Chelating agents or absorption/penetration enhancers 
can disrupt paracellular tight junctions and/or membrane 
structures to accelerate active ingredient transport [90, 
94].

5. Viscosity enhancers or mucoadhesives can improve 
nasal cavity retention time and prevent dripping down 
the throat, thus improving bioavailability.

Currently approved IN formulations use minimal and con-
ventional excipients given that the inherent pharmacokinet-
ics of most of the drugs used are already suitable to traverse 
the N2B route [90]. For example, the esketamine formu-
lation Spravato (from the FDA label) contains citric acid 
(buffer and antioxidant), disodium ethylenediaminetetraace-
tate (EDTA, chelator), sodium hydroxide (pH modification), 
and water (solvent), while the naloxone formulation Nar-
can contains benzalkonium chloride (preservative), EDTA 
(chelator), sodium chloride (to maintain osmotic balance), 
and hydrochloric acid (pH modification). The selection of 
absorption enhancers (if required) is particularly challeng-
ing, with existing approaches outlined by Davis and Illum in 
their highly cited 2012 review [95]. Absorption enhancers 
must balance between transiently disrupting membrane/tight 
junctions while avoiding toxicity, with the use of chelating 
agents or surfactants in particular requiring very specific 
dosing to avoid side effects [96, 97]. Biological polymers 
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Table 3  Maximum potency and classification of the key classes of excipients (and examples in each class) that have been used in commercial 
N2B formulations

a All ingredient lists are from accessdata.fda.gov: drug labels
b Listed maximum unit per dosage or day are from accessdata.fda.gov: inactive ingredient search for approved drug products, under the nasal 
route. Ranges are used when multiple formulation types e.g., spray, drops, aerosol, gel are presented

Excipient Classification Compounda Clinical Maximum  Potencyb Example Formulations

pH adjustment and buffers Citric acid 0.45–0.6 mg/mL Zomig (zolmitriptan)
Instany (fentanyl)
Spravato (esketamine)
Nicotrol (nicotine)
Tosymra (sumatriptan)
Gimoti (metoclopramide)

Sodium chloride 3.1–9 mg/mL Most
Sodium hydroxide 20 mg/dose Most
Hydrochloric acid 2.47 mg/mL Most
Potassium phosphate 680 mg/dose Imigran (sumatriptan)

Tosymra (sumatriptan)
Imitrex (sumatriptan)
Sprix (ketorolac)

Sodium phosphate 3 mg/mL Instany (fentanyl)
Tosymra (sumatriptan)
Zomig (zolmitriptan)
Tyrvaya (varenicline)

Solvents Water None Most
Dehydrated alcohol
Ethanol

10–198 mg/mL Kloxxado (naloxone)
Valtoco (diazepam)
Nayzilam (midazolam)

Acetic acid 1.2 mg/1 mL Synarel (nafarelin)
Castor oil 429 mg/day Natesto (testosterone)

Antioxidants Vitamin E – Valtoco (diazepam)
Chelating agents Disodium ethylenediaminetetraacetate (EDTA) 0.1–2 mg/mL, 4 mg/day Spravato (esketamine)

Narcan (naloxone)
Gimoti (metoclopramide)
Sprix (ketorolac)
Narcan (nalaxone)
Nicotrol (nicotine)

Absorption/penetration enhancers Dodecyl maltoside
Intravail

– Tosymra (sumatriptan)
Valtoco (diazepam)

Polysorbate 80 0.05 mg/dose Nicotrol (nicotine)
Propylene glycol,
Polyethylene glycol 400
Polyethylene glycol -6 methyl ether

12–50 mg/mL
200 mg/mL
–

Nayzilam (midazolam)
Kloxxado (naloxone)

Viscosity enhancers Pectin
Pecfent

10 mg/dose Lazanda (fentanyl)

Storage and spray aids Dextrose 50 mg/dose, 200 mg/day Trudhesa (dihydroergotamine)
Migranal (dihydroergotamine)

Croscarmellose sodium carboxymethylcellulose
(CMC)

60 mg/day Imitrex (sumatriptan)

Microcrystalline cellulose
(MCC)

– Imitrex (sumatriptan)

Mannitol 41.5 mg/dose Lazanda (fentanyl)
Nasal dryness prevention Propylene glycol.

Polyethylene glycol 400
49.7–120 mg/mL
200 mg/mL

Kloxxado (naloxone)
Nayzilam (midazolam)

Sorbitol 6.17–44.8 mg/mL Gimoti (metoclopramide)
Synarel (nafarelin)

Preservatives Phenylethyl alcohol 10 mg/day Lazanda (fentanyl)
Methylparaben
Propylparaben

26–250 mg/dose
14–140 mg/dose

Lazanda (fentanyl)
Nicontrol (nicotine)

Benzalkonium chloride 0.2 mg/mL
40.46 mg/dose

Gimoti (metoclopramide)
Narcan (naloxone)
Synarel (nafarelin)
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such as cellulose variants (including salt forms), chitosan 
(also including salt forms), cyclodextrins, and biosurfactants 
(e.g. bile salts, phospholipids, and fatty acids) can avoid 
some of these toxicity issues but may need to be formu-
lated at higher doses [98]. Although not yet implemented in 
commercial IN formulations, chitosan (via ionic interactions 
with membranes) and cyclodextrins (which extract choles-
terol from cell membranes via host-guest interactions) are 
particularly widely studied as nasal permeation enhancers, 
resulting in up to tenfold increases in drug permeation at 
concentrations relevant for IN sprays [99].

Materials with mucoadhesive properties are increas-
ingly being explored as soluble excipients and/or for the 
formation of nanoscale vehicles for IN delivery, aiming to 
reduce the rate of mucociliary clearance. However, to date, 
very few commercial CNS-targeting formulations contain 
a mucoadhesive. Natestro, a testosterone nasal spray for 
hypogonadism, relies on systemic delivery rather than N2B 
delivery, but includes colloidal silicon dioxide as a viscosity-
enhancing excipient formulation [100], while the Lazanda 
fentanyl formulation contains pectin, described to turn into 
a gel in situ with the mucosa [101]. Chitosan is of particu-
lar interest moving forward given that it can play a dual 
role as a permeation enhancer and a mucoadhesive, the lat-
ter based on ionic interactions between positively charged 
primary amines and anionic sialic acid residues in mucin 
[102]. Illum’s review outlines the utility of chitosan in this 
context for IN dosages for over two dozen different medica-
tions for both N2B CNS treatment and systemic therapy, 
including formulations for sumatriptan (migraines) and 
insulin (although focused on systemic delivery for reducing 
blood glucose levels rather than CNS therapy) [103]. Alter-
natively, or in combination with using viscosity/mucoadhe-
sion enhancers, the use of in situ-forming hydrogels that can 
form spontaneously in the nasal cavity following the nebu-
lization of a low viscosity precursor solution can be con-
sidered to increase material lifetime within the nasal cavity 
while also enabling tunable long-term-controlled release of 
active ingredients that do not need the fast onset of some IN 

delivered drugs (see sections 7.1 and 7.2). The work of the 
Berkop-Schnurch group [104–107] on thiolated polymers is 
particularly notable with regard to developing mucoadhe-
sive, permeation enhancing, and in situ gelling formulations, 
with cationic thiolated carbohydrates particularly of interest 
given their potential to enable mucosal penetration but retain 
very high mucosal cohesion based on the reversible disulfide 
formation (Fig. 3); as another example, thiolated xanthan 
increased mucoadhesion by a factor of 2.5 while reducing 
muciliary beat frequency by ~50% compared to unmodi-
fied xanthan [108]. However, the stabilization of thiolated 
polymers to long-term storage must be addressed prior to 
commercial translation of this approach.

As an alternative to in situ formation, shear stress can also 
be used to dynamically reduce viscosity to enable the spray-
ing of viscous formulations. Corticosteroid formulations 
such as Rhinocort and Nasanex as well as the CNS-delivered 
Imitrex (sumatriptan) use microcrystalline cellulose (MCC) 
and carboxymethyl cellulose (CMC) as viscosity enhancers 
that can keep active ingredients/other excipients in suspen-
sion upon storage but shear thin upon spraying, with their 
thixotropy enabling a rapid return to their viscous state 
within a few seconds once in the nose [16, 109].

6  Nano‑Delivery Design Considerations

Nanoscale excipients are an emerging subset of delivery 
vehicles that aim to address multiple barriers associated 
with IN delivery in a single vehicle. While simple mix-
ing of drugs and traditional excipients works when deal-
ing with the most potent drugs, nanoparticles can improve 
active transport via the nasal epithelium, sustain drug-
release kinetics, avoid pH limitations (particularly relevant 
for many antipsychotic drugs), or eliminate the use of sol-
vents and surfactants to reduce nasal epithelial irritation. 
While the use of nanoparticles to directly transport drug to 
the brain is the typical paradigm for a nanomedicine-based 
IN delivery strategy, growing evidence suggests that the use 

Fig. 3  Schematic illustrating 
inter-polymer crosslinking after 
mucopenetration to establish 
intimate mucoadhesion, with a 
chain link cartoon representing 
the interpenetration and in situ 
crosslinking of polymers and 
mucus. Adapted with permis-
sion from [105]. Created with 
BioRender.com
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of nanoparticles to pass the initial key barriers to IN deliv-
ery (i.e. the mucous and nasal epithelium) may be sufficient 
to significantly improve IN delivery capacity, leaving the 
released bioactive itself to navigate the final part of the N2B 
pathway; indeed, many research groups have found low lev-
els of nanoparticles present in the brain but high efficacy in 
terms of behavioural results [110], suggesting effective drug 
transport but not nanoparticle transport. However, there is 
a trade-off in terms of the role of nanoparticles in increas-
ing the complexity of the formulation and thus perhaps the 
regulatory pathway to approval; as such, for drugs with high 
intrinsic pharmacological activity (e.g. esketamine), nano-
formulation is typically not pursued [18, 110, 111]. While 
multiple properties of nanoparticles may influence their suc-
cess or failure in different delivery contexts (e.g. mucoad-
hesion/mucopenetration, ability for cell uptake, mechanism 
of cell uptake, and deformability), size, surface chemistry, 
charge, and degradability are most commonly used as design 
variables to tune nanoparticle properties and thus therapeutic 
efficacy; for additional information on these design variables 
beyond that provided herein, the reader is referred to many 
excellent reviews on the topic [105, 112–115].

6.1  Size, Surface Chemistry, and Charge

Administration though the N2B pathways is limited by size. 
Nanoparticle sizes of < 200 nm are typically understood to 
be able to travel through the paracellular tight junctions of 
the nasal epithelial cells, with nanoparticles of sizes 20–100 
nm ideal for both epithelial and axonal transport [116, 117]. 
For nanoparticles of similar size, the surface chemistry of 
the nanoparticle primarily dictates its primary transport 
pathway; introducing hydrophobic surface chemistry (e.g. 
using lipid nanoparticles) can help increase transcellular 
transport while the introduction of hydrophilic groups and 
penetration enhancers can improve paracellular travel [119]. 
Cationic surface charge in particular can govern two key bio-
logical responses to nanoparticles: (1) disrupt tight junctions 
to allow for increased binding to, and subsequent penetra-
tion through, the nasal epithelium; and (2) complex with the 
highly anionic nasal mucus to promote transmucosal trans-
port [16]. Manipulating charge can also help load therapeu-
tics and/or other excipients that themselves have charges to 
spontaneously form bioactive nanostructures (e.g. chitosan 
and lecithin) [118–121]. Surface chemistry is also key to 
the stability of nanoparticles in the complex physiological 
environment, with most nanoparticles stabilized either by 
high net charge (enabling electrostatic stabilization) or dense 
PEG-based layers (enabling steric stabilization).

A 2001 study using radiolabelled polystyrene (PS) nano-
particles best illustrates these effects of nanoparticle physical 
properties on IN penetration [117]. Nanoparticles 20 nm in 
size had twice the penetration rate of 100 nm nanoparticles, 

which themselves were twice as effective in penetration 
than 500–1,000 nm particles (3.25%:2%:1.25% of particles, 
respectively, reach systemic circulation). Coating the PS 
nanoparticles with poloxamine 908 (a PEG-like polymer) 
reduced cellular interactions and thus decreased penetration, 
while coating with mucoadhesive chitosan doubled particle 
delivery into systemic circulation (0.3–0.6%) [122]; similar 
results were shown comparing polysorbate 80 and chitosan-
coated lecithin nanoparticles [119].

6.2  Degradation

For chronic use, as required with many CNS-related drugs, 
the nanoparticle carrier systems need to be degradable as 
a whole or degradable into their original cytocompatible 
precursors/monomers. Many inorganic nanoparticles such 
as metals (silver and gold), quantum dots, and carbon nano-
tubes have been investigated for CNS delivery and therapy, 
but most were found to be neurotoxic due to poor clearance 
and lack of a safe degradation pathway [123]. Polymers that 
break down into metabolic by-products (e.g. poly(lactic 
acid), PLA or poly(lactic-co-glycolic acid, PLGA) or car-
bohydrates that can degrade by hydrolysis or enzymatic 
action are thus preferable, particularly those that (e.g. PLA/
PLGA) degrade into innate metabolic by-products that are 
regularly processed by the body [109, 122]. However, toxic-
ity of any degradation product must consider not only cell 
death but also downstream stresses to the cell junctions, 
membranes, and the BBB and/or nasal epithelium, both of 
which pose long-term health risks [111]. Nanoparticles with 
a high drug-loading capacity are thus preferred to deliver 
the required drug dose at as low as possible an excipient 
content [109, 123].

7  Nano‑Delivery Design for N2B Delivery

The use of nanoparticulate systems for CNS delivery for 
various therapeutic classes (e.g. antipsychotics [15, 17], 
peptides/proteins [124–127], anti-depressants [13], or vac-
cines [128, 129]) and/or conditions (e.g. AD [14, 130, 131], 
epilepsy/anxiety [132], and neurodegenerative diseases [126, 
133, 134]) has been extensively reviewed by other papers. In 
this section, we focus specifically on nano-systems designed 
for already clinically approved IN drugs and/or that use 
already clinically approved IN excipients to streamline 
clinical translation. Although the promise of nanoparticles 
is evident in these examples, we note that it is often hard to 
quantify those benefits given the lack of direct comparisons 
between nanoformulations and other already successful for-
mulations in the literature [17, 111, 116]. As such, in the fol-
lowing discussion, we highlight only representative papers 
that apply different types of nanocarriers to deliver approved 
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drugs, have in vivo proof-of-concept experiments presented, 
and explicitly show some direct benefit of the nanoparticle 
formulation for improving IN delivery efficacy versus a solu-
tion or conventional formulation.

7.1  Polymeric Nanoparticles

Polymeric nanoparticles consisting of a solid and typically 
degradable polymer offer highly customizable properties, 
chemistries, and sizes, with PLGA-based nanoparticles most 
broadly used for nanoparticle-based formulations given that 
PLGA is FDA approved. For example, diazepam-loaded 
PLGA nanoparticles achieved 87% drug entrapment cou-
pled with significantly higher brain accumulation, with 
brain:blood ratios of 1.4 achieved with the PLGA nano-
particle formulation; in comparison, ratios of 0.17 for IV 
administration and 0.38 for IN administration (both using 
a diazepam suspension containing stannous chloride dihy-
drate, ethanol, acetone, and saline) were achieved [135]. 
Block copolymers consisting of PLGA linked to a hydro-
philic polymer (typically poly(ethylene glycol), PEG) can 
also be used as the building block for the polymeric nano-
particle, with the PEG block serving to enhance nanopar-
ticle stability and modify the mucoadhesion between the 
nanoparticle and the nasal mucosa. For example, we previ-
ously reported the use of PEG-PLGA nanoparticle bearing 

Solanum tuberosum lectin (STL-NPs) to deliver haloperidol 
(HP), a hydrophobic schizophrenia drug. Minimal HP was 
observed in the striatal tissue and none in the olfactory bulb 
tissue 1 h after intraperitoneal (IP) injection of an HP drug 
solution or HP-loaded nanoparticles; in contrast, IN admin-
istration of the nanoparticle + drug resulted in significant 
levels of drug in the brain (Fig. 4a, b) [136]. However, the 
relatively long degradation time and the acidic degradation 
by-products of PLGA may cause challenges over long-term 
repeated IN dosing.

7.2  Hydrogels

Hydrogels are water-swollen crosslinked polymer networks 
that offer the benefits of high hydration, physical deform-
ability, and high loading capacity and stabilization potential 
particularly for biopolymer-based drugs (e.g. proteins, pep-
tides, polynucleotides) [128]. The polymer matrix can also 
be designed to be responsive to physiological stimuli either 
in terms of forming the crosslinks (in situ gelling) or trigger-
ing the release of drugs (responsive); in particular, rapidly 
in situ forming hydrogels can be advantageous to deliver 
minimally viscous precursor solutions under the shear stress 
of nebulization (facilitating well-distributed spray uniform-
ity and droplet size for optimal deposition) while ensuring 
high retention in the nasal cavity [114, 136, 137]. Creating 

Fig. 4  Haloperidol detection in the a brain striatal tissue or b olfac-
tory bulb tissue 1 h after intraperitoneal (IP) or intranasal (IN) admin-
istration of haloperidol delivered alone in solution or loaded in PEG-

PLGA nanoparticles (NPs) with or without Solanum tuberosum lectin 
(STL) targeting of the nasal mucosa. Adapted with permission from 
[136]
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nanoparticles of hydrogels, or incorporating other types of 
nanoparticles inside a hydrogel, can combine the useful ben-
efits of a hydrogel with the penetration benefits of nanoparti-
cles to create effective IN delivery vehicles [127, 137, 138].

7.2.1  Hydrogel Nanocomposites and Nanoparticle 
Networks

Hydrogel nanocomposites and nanoparticle networks work 
on a similar philosophy of utilizing the hydrogel matrix to be 

a mucoadhesive “depot” within the nose while the entrapped 
(nanocomposite) or crosslinked nanoparticles (nanoparticle 
network) actively transport drug across the nasal epithelium 
upon the mucociliary degradation of the hydrogel (Fig. 5). 
Such an approach ensures nanoparticle suspension (promot-
ing active transport), enables facilely tunable degradation 
mechanisms, and (depending on the choice of nanoparticle) 
can enable the delivery of more hydrophobic therapeutics 
that are otherwise difficult to deliver using a hydrogel for-
mulation [18].

Fig. 5  Schematics illustrating the network structure and drug distribution within conventional hydrogels and two forms of nanoparticle-laden 
hydrogels. Created with BioRender.com

Fig. 6  Schematic illustrating the use of nanoparticle (NP)  network 
in  situ-forming hydrogel for the controlled release of PAOPA (pep-
tide), resulting in a significant behavioural improvement in a schizo-

phrenia model over 3 days following a single spray. Reproduced with 
permission from [139]
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We recently published the use of an in situ-forming Schiff 
base-crosslinked hydrogel between oxidized (aldehyde-
functionalized) starch nanoparticles (SNPs) and carboxy-
methyl chitosan to deliver a short peptide (PAOPA, 254 Da 
molecular weight). The Schiff base crosslinks form rapidly 
upon spraying the liquid precursors inside the nose to form 
a thin film of mucoadhesive hydrogel droplets that degrade 
to release the ultra-small (20–50 nm diameter) SNPs that can 
subsequently penetrate the nasal epithelium and transport to 
the brain, enabling full functional recovery of MK-801-in-
duced schizophrenic symptoms over at least 3 days follow-
ing a single spray due to the dual role of the hydrogel in 
controlled release and promoting IN transport (Fig. 6) [139]. 
Efficacy is linked to both direct SNP transport to the brain as 
well as apparent uptake of the SNPs by nasal epithelial cells 

to act as a drug depot for olfactory nerve transport. A similar 
system could be used for other peptides such as oxytocin, a 
1007 Da peptide with potential for autism treatment but with 
significant short-term and long-term adverse side effects if 
administered non-specifically [140].

7.2.2  Nanogels

Given their highly hydrated morphology, nanogels have been 
mainly used for the delivery of peptides, DNA, RNA, growth 
factors, and other biological hydrophilic therapeutics [124, 
128]; while not generally not used for hydrophobic thera-
peutic delivery due to their water-swollen structure, recent 
advances in nanogel design are challenging this paradigm 
[141]. The key challenge for the use of nanogels is to access 

Fig. 7  Nanogels for intranasal delivery to the brain: a Schematic 
illustrating the use of PVP/poly(acrylic acid) nanogels to deliver insu-
lin to the brain along the trigeminal and olfactory nerves. Adapted 
with permission from [143]. b Drug concentration in the brain of 

animals comparing a sumatriptan solution in saline compared to 
chitosan/TPP nanogel encapsulated sumatriptan, with the nanogel 
resulting in a 1-h delay in maximum concentration time but a 5 times 
higher level of drug after 4 h. Adapted with permission from [144]
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synthetic strategies that enable the fabrication of < 100 
nm nanogels with sizes that enable effective IN transport, 
although the inherent deformability of nanogels may enable 
the transport of larger diameter nanogels IN relative to other 
types of (stiffer) nanoparticles. For example, the Di Carlo 
lab at the University of California at Los Angeles (UCLA) 
has reported several nanogel-based delivery strategies for 
insulin delivery, including recent work using e-beam irra-
diation to crosslink poly(N-vinyl pyrrolidone) (PVP) and 
acrylic acid to form a 70-nm nanogel that meets the size 
criteria for effective IN transport; insulin was conjugated 
via carbodiimide chemistry to ensure co-delivery of insu-
lin and the nanogel to the targeted site, showing a prom-
ising biodistribution and toxicity profile in vivo (Fig. 7a) 
[142, 143]. Alternately, Masjedi et al. fabricated nanogels 
via ionic crosslinking of mucoadhesive chitosan with trip-
olyphosphate (TPP) in the presence of sumatriptan, resulting 
in nanoparticles with a mean particle diameter of ~ 105 nm 
and zeta potential of ~ + 27 mV (both ideal for IN drug cap-
ture and subsequent transport [113]), good loading efficiency 
(~ 59%) and controlled release of sumatriptan (~ 68% release 
over 72 h) (Fig. 7b) [144]. In vivo assessment comparing IV 
versus IN administrations showed a ~ 500% increase in the 
concentration of sumatriptan in the brain relative to IN or IV 
administration of a drug solution, with the nanogel acting as 
a permeation enhancer to deliver the drug via axonal trans-
port while also slowing the drug release to enable prolonged 
therapeutic efficacy (albeit delaying the time to maximum 
concentration compared to the solution expected to travel 
solely along extracellular transport).

7.3  Lipid‑Based Nanosystems

Lipid-based nanosystems have been gaining popularity 
for oral drug administration since they show high gastric 
mucoadhesion and penetration; given that the nasal mucosa 
is similar in composition but much less thick (5–20 μm 
[43]), similar benefits are anticipated for IN delivery [114]. 
The types of lipids used in these designs strongly govern 
their resulting morphology (e.g. solid lipid nanoparticles, 

nanoemulsions, micelles, liposomes, niosomes, and hybrid 
nanostructured lipid complexes; see Fig. 8), and thus their 
potential to deliver different drugs via different transport 
mechanisms.

7.3.1  Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are the simplest type of 
lipid-based nanocarrier, consisting of a mixture of solid 
lipids and surfactants and typically fabricated by sonication 
or high-speed homogenization followed by solvent evapo-
ration [144, 145]. Relative to other lipid-based nanoparti-
cles, SLNs are easy to fabricate, have high uniformity, and 
can effectively load hydrophobic therapeutics, although the 
solid and often crystalline nature of the core can result in 
lower drug-carrying capacity than liquid structures. As an 
example of the use of SLNs for IN delivery, ~ 200 nm solid 
lipid nanoparticle naloxone nanocarriers fabricated using 

Fig. 8  Nanostructures contain-
ing lipids classified by their 
chemical makeup and result-
ing morphology. Created with 
BioRender.com

Fig. 9  Pharmacoscintigraphy study showing intranasal nasal and 
brain retention of radiolabelled solid lipid nanoparticles (SLN) loaded 
with naloxone (NLX): (upper) NLX-loaded SLN-NLX; (lower) NLX 
free solution. Adapted with permission from [146]
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a combination of the lipid glyceryl monostearate (GMS, 
selected due to its ability to solubilize naloxone) and a com-
bination of Pluronic F127 and Tween 80 surfactants were 
demonstrated to enable prolonged deposition in the nose and 
brain compared to an equivalent dose of labelled free NLX 
solution (Fig. 9) [146].

7.3.2  Nanoemulsions

Nanoemulsions (NEs) have similar structures to SLNs but 
use liquid lipids (often natural lipids like coconut or sesame 
oil, selected to optimize the solubility of the drug to be 
encapsulated) instead of solid lipids [147]. Several reviews 
describe the use of nanoemulsions for delivering a diverse 
set of drugs IN including the antipsychotic drugs risperi-
done, ziprasidone hydrochloride, quetiapine, the antiepi-
leptic drug amiloride and prospective Alzheimer’s disease 
therapeutics such as huperzine A, memantine, and donepezil 
[147, 148]. Nanoemulsions can also incorporate mucoad-
hesive components to further enhance their potential for 
IN delivery [149]. As one such example, the anti-migraine 
drug zolmitriptan (ZT) typically has low oral bioavailabil-
ity (40%) and a short half-life (1–2 h) as well as high fat 
solubility and low permeation, suggesting the benefit of an 
IN delivery vehicle. A mixture of oils, surfactants, and co-
surfactants consisting of Capryol PGMC (propylene glycol 
monocaprylate), Kolliphore RH40 (polyoxyl 40 hydrogen-
ated castor oil), and Transcutol-P (diethylene glycol monoe-
thyl ether) formulated into a nanoemulsion was observed to 
increase drug permeation from < 10% in solution (similar 
to its oral bioavailability) to ~ 70% (NE encapsulated) over 
2 h, with further addition of mucoadhesive chitosan (MNE) 
enhancing uptake to > 85% over the same period (Fig. 10) 
[150].

7.3.3  Micelles

Micelles are self-assembled lipid nanoparticles whose core 
is formulated solely from the tails of the surfactants and 
synthetic polymer co-surfactants also stabilizing the sur-
face layer, unlike SLNs or NEs whose cores are primar-
ily composed of another type of lipid material stabilized by 
surfactants. As such, micelles are typically much smaller 
but also potentially less cytocompatible for in vivo deliv-
ery applications depending on the surfactant(s) used. For 
example, zolmitriptan micelles fabricated by dissolving in 
the drug into diethylene glycol monoethyl ether (penetration 
enhancer) and benzyl alcohol (common excipient), followed 
by adding surfactants PF127 (50 mg), PEG-400 (100 mg), 
and TPGS (50 mg) showed a ~ 3.5- to 6-fold higher uptake 
into the brain following IN delivery compared to a radiola-
belled solution over the 4-h measurement period [151]. The 
ease of fabrication (typically via water-induced self-assem-
bly) coupled with the capacity for solubilizing hydrophobic 
drugs must be balanced with the potential toxicity of the 
surfactant(s) depending on the dose of drugs that must be 
delivered.

7.3.4  Liposomes and Niosomes

Liposome and niosomes are bilayer membrane-mimetic 
nanoparticles, typically made via either thin film hydration 
or membrane emulsification [151, 152]. Liposomes are more 
commonly used given that they consist of phospholipids that 
are natural penetration enhancers via membrane adsorption 
mechanisms; the non-ionic surfactants (e.g. polyoxyethylene 
and polyhydric alcohols) used to construct niosomes may 
have lower ciliotoxicity and congestion effects but also typi-
cally lower solubility [98, 115, 153]. In either case, the pres-
ence of both a hydrophilic inner cavity and the hydrophobic 
bilayer allows dual loading of both water-soluble and -insol-
uble drugs, although the stability and leakiness of liposomes 
in particular relative to other nanocarriers discussed can be 
a limitation in some applications. As an example of an IN 
liposome, 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) and 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol 
(DMPG) phospholipids were used to form liposomes via 
solvent evaporation/rehydration in a fentanyl solution could 
maintain analgesic effects for at least 45 min while the cor-
responding fentanyl citrate solution (in saline) lost efficacy 
at 30 min; in tandem, a ~ 20% reduced plasma concentration 
of fentanyl was observed over 2 h after IN delivery via the 
liposome, suggesting improved specificity of brain transport 
with the liposome [152]. As an example of a niosome, ZT 
was loaded at high efficiency (~ 93%) into niosomes via a 
thin film hydration of cholesterol, Span 80, and stearic acid, 
enabling significantly higher brain and reduced blood reten-
tion (2.36:1 brain:blood ratio after 24 h) of IN ZT compared 

Fig. 10  Nanoemulsions (NEs) consisting of Capryol PGMC, Kol-
liphore  RH40, and Transcutol-P significantly improve permeation 
relative to solution (Soln) formulations, with chitosan-containing for-
mulations (MNE1—0.3 mg/mL chitosan or MNE2—0.5 mg/mL chi-
tosan) further improving permeation in a murine model (measured in 
phosphate buffer, pH 6.8). Reproduced with permission from [150]
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to an IV injection of ZT (0.02:1 blood:brain ratio after 24 
hours) in Swiss albino mice [153]. Tosymra, a sumatriptan 
nasal spray clinically approved in 2019, also uses an excipi-
ent called Intravail that consists of a blend containing alkyl 
glycosides and/or saccharide alkyl esters consistent with 
niosome formulations, although it is not entirely clear if the 
delivery vehicle is indeed a niosome once sprayed into the 
nose [94, 154, 155].

7.3.5  Nanostructured Lipid Complexes

Nanostructured lipid carriers (NLCs) are a second gen-
eration of lipid nanoparticles composed of physiological 
lipids such as mono-, di-, and triacyclglycerols that form 
imperfect, amorphous, or mixed/multiple phase structures 
[156]. The combination of liquid and solid lipids in the core 
typically allows for higher drug-loading capacity (typi-
cally in interstitial space between solid crystalline fatty acid 
domains), faster release rates, and higher storage stability, 
all beneficial for IN delivery [114]. Although no NLCs are 
used in current IN clinical trials, pre-clinical studies have 
suggested the promise of this approach [157]. For example, 
NLCs made of a combination of Brij 35, Brij 72, triolein, 
and cholesterol using a solvent diffusion/evaporation strat-
egy resulted in the formation of ~ 100 nm nanoparticles that 
enabled 91% loading of sumatriptan and sustained release 
over 72 h. Compared to the earlier discussed example in 

which sumatriptan was loaded into chitosan-TPP nano-
gels, the NLC formulation enabled higher drug loading and 
improved pharmacokinetics (547 ng/mL per h area under 
the curve vs. 343 ng/mL per h for the nanogel formulation 
over the 4-h delivery time) but lower brain transport (258% 
increase relative to the drug solution compared to 493% for 
the nanogel formulation), the latter hypothesized to be due to 
the anionic rather than cationic charge of the NLCs. Using a 
similar approach, the seizure medication phenytoin sodium 
(fosphenytoin), typically used as a second-line IV treatment, 
was fabricated into an NLC formulation by melt emulsifica-
tion of cholesterol, oleic acid, and poloxamer 188 using a 
probe sonicator (Fig. 11) [158]. NLC sizes from 32 to 125 
nm could be achieved depending on the sonication time, 
with the highest encapsulation efficiency (~ 91%) achieved 
for < 50 nm nanoparticles that also showed the fastest degra-
dation and release profile. A large IN pharmacokinetic study 
with Wistar rats comparing the small phenytoin-loaded NLC 
(IN solution and spray) to a marketed midazolam formula-
tion (IN, the first-line benzodiazepine seizure medication) 
and marketed phenytoin (IV) at the same dosage indicated 
that the NLC formulation could deliver phenytoin with sig-
nificantly higher brain:plasma ratios compared to the com-
mercial midazolam spray, the latter of which showed a spike 
in plasma concentration within the first 5–20 min and little 
to no brain penetration overall after 10 min.

Fig. 11  Fabricating phenytoin-loaded nanostructured lipid carriers enabling improved transport of antiseizure medication to the brain. Repro-
duced with permission from [158]
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8  Future Perspectives

While a variety of IN small-molecule and peptide formula-
tions have been investigated to address multiple CNS deliv-
ery challenges, the IN route is still overall underexplored 
for many therapeutics. Drugs or other therapeutics such as 
peptides, plasmids, or vaccines were initially assumed to be 
inefficient or impractical to use due to low bioavailability, 
low plasma stability, and/or safety concerns may be made 
practical using IN delivery and/or (even if they were previ-
ously ineffective via the IN route) using new IN excipients. 
Below, we highlight three key technological areas encom-
passing both novel excipient design and the delivery of 
diverse bioactives that will offer particular opportunities to 
leverage the benefits of IN delivery for real clinical impact.

8.1  Multi‑Scale Drug Delivery Vehicles

As previously described, hydrogels are beneficial in IN 
delivery due to their viscosity (innate, stimulated, or in situ 
forming), which prevents mucocilliary clearance and ena-
bles sustained release of drugs; however, the benefits of 
nanoparticles in facilitating active transport to the brain 
are not leveraged with traditional hydrogels. In this con-
text, nanogel clusters offer in our view particular promise 
given that the overall cluster properties (size, charge) can 
be designed to enable optimal mucoadhesion and deposition 
while the clustered nanoparticles can deliver any type of 
drug (depending on the type of nanocarrier chosen) across 
the nasal epithelium to leverage the N2B pathway the cluster 
breaks down. Successful application of this method depends 
on the fabrication of uniform ultra-small nanoparticles to 
use as the basis of cluster formation, which can be chal-
lenging for some nanocarrier types (particularly nanogels 
designed for protein/peptide delivery). The Akiyoshi group 

Fig. 12  Cholesterol-bearing pullulan-based nanoparticle intrana-
sal delivery vehicles: a fabrication of nanogel clusters made of CHP 
nanogels and crosslinked with thiolated 4-arm PEG. Adapted with 
permission from [160]. b Chemical structure and schematic illustra-

tion of amino group-modified cholesterol-bearing pullulan and the 
nanogel. c Conceptual diagram of nanogel/exosome hybrid delivery. 
Adapted with permission from [163]
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has done particularly innovative work on this point by lev-
eraging their cholesteryl functionalized pullulan nanogels 
(cCHPs) for drug/therapeutic delivery [159, 160], including 
IN vaccine designs that have been validated in mice and 
macaques [161, 162]. cCHP nanogels are small (~ 40 nm), 
have a weak cationic surface charge promoting mucoadhe-
sion and cell uptake (~ + 7 mV), are biodegradable (based 
on pullulan), and can load both hydrophilic drugs (nanogel 
bulk phase) and hydrophobic drugs (self-associated choles-
terol nanodomains). Nanoclusters formed through the use of 
thiol-modified poly(ethylene glycol) to crosslink cCHPs into 
a ~ 120-nm nanocluster and/or the external decoration of 
exosomes with cCHPs to form a ~ 150-nm nanocluster both 
increase the overall nanoparticle size to the 100- to 200-nm 
size range optimal for sprayability and storage while control-
ling the degradation rate (via slow hydrolysis or electrostatic 
dissociation) to release the small cCHPs over time proxi-
mal to the nasal epithelium to enable effective parascapu-
lar transport (Fig. 12) [163]. Our starch nanoparticle-based 
sprayable nanoparticle network hydrogels (see Sect. 7.2.1) 
have a similar advantage, with the chitosan component pro-
viding mucoadhesion and the small SNP particle size (25–40 
nm major fraction) enabling effective N2B transport [139]. 
Such nanocluster designs in our view balance the differ-
ent biological and transport barriers while also providing 
high flexibility for delivering different types of therapeutic 
payloads.

8.2  Gene Therapy

Given that IN delivery of proteins results in only a fraction 
of the intended dose reaching the brain target sites, gene 
therapy offers a potentially renewable source of any protein 
therapeutic. Monogenic disorders are typically thought to be 
ideal candidates for gene therapy because they are caused 
by a single gene mutation that simplifies the identification 
of the defective sequences. For instance, a single IV admin-
istration of an adeno-associated viral (AAV) vector coding 
for the mutated survival motor neuron 1 gene (which results 
in spinal muscular atrophy type 1) resulted in prolonged 
survival and better motor function than the control group 
[164]. Disorders such as Alzheimer’s disease, which may be 
caused by multigene mutations and environmental factors, 
are harder to treat using gene therapy; for example, while 
intracerebral gene delivery of AAV2 nerve growth factor 
(NGF) has been attempted, NGF expression did not reach 
the cholinergic neurons due to a limited spread and inaccu-
rate stereotactic targeting [165, 166]. Thus, there remains a 
need for improved gene delivery to the CNS.

Several groups have demonstrated IN gene therapy deliv-
ery to the CNS, primarily using viral vectors such as AAV9 
given that AAV therapy is safer than lentiviral therapy 
[167, 168]. However, even though AAV is non-pathogenic, 

currently approved AAV gene therapies are limited to a 
one-time administration due to the typically high immune 
response achieved on a second dose based on the immuno-
genicity of the viral protein [169]. As such, non-viral gene 
therapy is increasingly being investigated to circumvent 
these inherent risks, with cationic polymers, cationic lipids, 
nanoparticles, and naked DNA all having been shown to 
offer improved safety profiles while also being less expen-
sive to produce compared to viruses [168, 170, 171]. For 
example, non-viral IN pGDNF has been previously delivered 
via polyelectrolyte complexation with 10-kDa polyethylene-
glycol (PEG)-substituted lysine 30-mers (CK30PEG10K) in 
a rodent model of Parkinson’s disease, showing effective 
transfection while avoiding significant immunogenicity 
[172].

Many novel transfection designs, particularly those that 
use cationic liposomes, have been developed and could be 
translated to CNS-targeted IN administration. The potential 
for liposomes to carry the hydrophilic transfection agent in 
its aqueous core while also promoting transcellular uptake 
(via the lipophilic shell) and mucoadhesion (cationic charge, 
expected also to increase DNA loading) is highly attractive 
in this context. As an example, mRNA+ lipid nanoparti-
cles composed of the cationic lipid dioleoylphosphatidy-
lethanolamine (DOPE), cholesterol, and one of myristatic 
acid, retinoic acid (nuclear homing via vitamin A scaffold), 
or tocopherol succinate (most hydrophobic) resulted in a 
~ 1:2:5-fold increase in transfection-induced luciferase 
activity [173]. Similarly shaped and functionalized 1,2-dio-
leoyl-3-trimethylammonium-propane (DOTAP) has also 
been used in IN vaccine delivery, with liposomes formed 
combining DOTAP with cholesterol and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylen
eglycol)-2000 and mRNA demonstrating fluorescent pro-
tein gene expression in mice brains. However, the relatively 
lower transfection efficiency of most non-viral vehicles still 
remains a limitation of the wide-spread adoption of this 
approach, requiring improved solutions for effective DNA/
RNA delivery in this context.

8.3  Improving Delivery Efficacy

The challenges and inconsistencies of nasal sprays suggest 
the need to develop more controllable and less user-depend-
ent strategies to exploit the IN delivery route while ensuring 
appropriate doses of drugs are consistently delivered. As 
an alternative to sprays, fast dissolving films placed within 
the nose have been used to deliver insulin directly to the 
olfactory region [174, 175]. For example, Mohamad et al. 
encapsulated insulin in a thin film of hydroxypropyl methyl 
cellulose and polyvinyl alcohol that dissolves within < 1 min 
of being placed in the nasal cavity, leading to significantly 
improved olfactory performance in 49 post-COVID-19 



764 A. Lofts et al.

patients suffering from anosmia [176]. While mucocilliary 
clearance typically limits drug absorbance, the lack of motile 
cilia in the olfactory region results in reduced drug clear-
ance, suggesting the potential for fast-dissolving films to 
deliver therapeutics in this area. This technique does offer 
translational challenges given that film size/thickness would 
need to be nasal cavity-specific and patients may experience 
some short-term discomfort as the film dissolves; however, 
based on the defined size/shape of the film, both the loca-
tion and the quantity of drug administered would be more 
consistent. Alternately, designing handheld IN spray devices 
that can be reliably and directly used by the full scope of 
patient populations targeted for IN CNS therapies offers 
tremendous potential benefits. For example, the recently 
published Precision Olfactory Delivery (POD) system is an 
upper nasal space-targeting delivery device that uses bipha-
sic emission to first release the drug and second propel the 
formulation deeper into the upper turbinates. The device 
is currently in several clinical trials for its efficacy in the 
delivery of several CNS drugs such as dihydroergotamine 
mesylate (approved for migraines, see Tables 1 and 2), 
olanzapine (acute agitation), and carbidopa/levodopa (Par-
kinson’s disease) [11]. Other innovative methods to ensure 
consistent, even, and ideally automated sprays would also 
have a significant impact on the practicality of IN delivery 
for the broad potential target patient population.

9  Conclusions

IN treatment of CNS conditions enables the delivery of both 
new and old therapeutics to the brain through a more effi-
cient, faster onset, safer, and more bioavailable route. The 
increasing sophistication of the design of IN delivery vehi-
cles is now enabling the use of the IN drug delivery pathway 
for the therapeutics that do not have the required hydrophilic/
hydrophobic balance, solubility, penetration, or stability to 
be directly administered IN. That being said, more complex 
formulations such as nanoparticles must only be pursued if 
the added benefits of higher surface area and penetration 
counterbalance the manufacturing and regulatory chal-
lenges of nanoscale carriers. More rigorous comparisons 
of IN formulations with free drug solutions also delivered 
IN are to date not always reported but represent a better 
measure of the true success of an IN formulation design. 
Similarly, while mucoadhesive/penetration, size, charge, and 
release are commonly reported for IN delivery vehicles, the 
nebulization capacity, NP in vivo tracking, and long-term 
formulation stability are not consistently described in the 
literature despite being key parameters in terms of enabling 
reliable administration and drug dosing essential for regula-
tory approval of new IN therapeutics.

Furthermore, despite the benefits of the IN route over oral 
and other routes, there are still significant challenges that 
limit the translatability of IN formulations for the treatment 
of neurological and psychiatric disorders. The successful 
transition of preclinical models to clinical practice is still a 
major obstacle given the anatomical differences in the nasal 
cavities of humans and laboratory test animals. Many nano-
technology-based delivery systems are still in the proof-of-
concept stage, even for drugs that are already approved for 
human use via other routes (or vehicles based on materials 
already approved for other uses). Additionally, the balance 
between enhancing penetration through the nasal epithelium/
mucosa, increasing transport to the brain, and minimizing 
the IN toxicity of IN formulations remains a challenge for 
many formulations. An improved understanding of how dif-
ferent types of excipients affect each step in the delivery 
pathway is essential to facilitate the rational design of new 
IN carriers.
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