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Treatment of central nervous system (CNS) disorders is challenging using conventional
delivery strategies and routes of administration because of the presence of the blood–brain
barrier (BBB). This BBB restricts the permeation of most of the therapeutics targeting the
brain because of its impervious characteristics. Thus, the challenges of delivering the
therapeutic agents across the BBB to the brain overcoming the issue of insufficient entry of
neurotherapeutics require immediate attention for recovering from the issues by the use of
modern platforms of drug delivery and novel routes of administration. Therefore, the
advancement of drug delivery tools and delivering these tools using the intranasal route of
drug administration have shown the potential of circumventing the BBB, thereby delivering
the therapeutics to the brain at a significant concentration with minimal exposure to
systemic circulation. These novel strategies could lead to improved efficacy of
antipsychotic agents using several advanced drug delivery tools while delivered via the
intranasal route. This review emphasized the present challenges of delivering the
neurotherapeutics to the brain using conventional routes of administration and
overcoming the issues by exploring the intranasal route of drug administration to
deliver the therapeutics circumventing the biological barrier of the brain. An overview of
different problems with corresponding solutions in administering therapeutics via the
intranasal route with special emphasis on advanced drug delivery systems targeting to
deliver CNS therapeutics has been focused. Furthermore, preclinical and clinical
advancements on the delivery of antipsychotics using this intranasal route have also
been emphasized.
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INTRODUCTION

The brain is an extremely delicate and sensitive neuronal organ of
the central nervous system (CNS), which requires a steady supply
of blood, oxygen, and nourishment to sustain homeostasis and
other key activities. Diseases of the CNS, often known as CNS
disorders, are a collection of neurological disorders that impact
the anatomy and physiology of the brain or spinal cord, which
together make up the CNS (Upadhyay, 2014). The CNS disorders,
specifically neurodegenerative disorders, are the prime challenge
and necessitate the immense attention of scientists to develop
therapeutic strategies against them. Currently, one of the biggest
reasons for disability and death in the world includes neurological
disorders. In 2019, Feigin et al. deliberated about the contribution
of CNS disorders to the global disease burden. In 2016, the biggest
cause of disability-adjusted life-years was neurological illnesses
[276 million (95 percent UI 247–308)] and also the second most
common cause of mortality [90 million (88%–94%)] (Feigin et al.,
2016). So far, neurological illnesses such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), psychosis, Huntington’s disease
(HD), head trauma, brain tumors, and epilepsy are difficult to
diagnose and treat because of the impervious nature of the
blood–brain barrier (BBB) (Khambhla et al., 2016). Among
these neurological disorders, AD progresses slowly and is the
leading cause of dementia. According to data, the incidence and
prevalence rate are higher among the elderly (Gorain et al., 2020b;
Lei et al., 2021).

On the other hand, PD is another most common progressive
neurodegenerative condition, characterized by the death of
dopaminergic neurons in the substantia nigra of the midbrain
and the formation of -synuclein aggregates (Lewy bodies).
Currently, it is thought that PD pathology is not only
restricted to a single section of the brain but also includes
additional brain regions, neurotransmitters such as
acetylcholine (Ach) and dopamine imbalances, and protein
aggregates other than Lewy bodies (Radhakrishnan and Goyal,
2018). Alternatively, psychosis is a group of conditions that
culminate in a distorted perception of reality. It can be a sign
of more serious mental illnesses. People suffering from psychosis
may have delusions and hallucinations (Schrimpf et al., 2018).
Patients with HD-like CNS disorders are associated with loss of
neurons in the striatum and other parts of the brain, resulting in
increasing motor, cognitive, and psychiatric symptoms. In
addition, multiple sclerosis (MS) is another CNS disorder,
which is an autoimmune and inflammatory illness that
progresses over time. It is a multifaceted disease in which the
immune system of the body attacks the neurological system. In
addition, brain tumors, viz., glioblastoma multiforme, a
malignant glioma, are the most common type of CNS tumors.
It can be benign, beginning and remaining within the brain, or
metastatic, originating and residing outside the CNS. Epilepsy is a
CNS illness defined by an abnormal increase in brain electrical
activity that can be localized or widespread throughout the brain,
resulting in partial or generalized seizures (Manford, 2017).
Stroke is a type of acute CNS illness in which the vasculature
supplying the brain is disrupted, resulting in rapid symptoms that
can last anywhere from seconds to hours depending on the

amount of brain tissue damaged and severity of the stroke
(Prabhakaran et al., 2015). Although a large range of
prospective medications has been studied to treat a variety of
neurological illnesses, their therapeutic success is still restricted
due to the presence of different obstacles. The difficulty in
transporting medicines, diagnostic agents, theranostics agents,
proteins, nucleic acids, and other macromolecules to the CNS has
been restricted by the presence of the BBB and
blood–cerebrospinal fluid barrier (BCSFB). Among the two,
the strategies to penetrate the BBB are one of the most
important challenges encountered by formulation scientists
(Banks, 2016).

Therefore, the current neurotherapeutics has two key
drawbacks: they have restricted entry of therapeutics by the
rigid BBB, resulting in insufficient entry into the brain, and
they have restricted access to immune cells in the brain. Most
conventional drug treatments for neurological diseases are
created with lipophilic characteristics; however, the molecular
weights of such compounds are more than 400–500 Da. Due to
these properties, these conventional therapeutic components are
restricted to cross the rigid biological barrier of the brain to
deliver therapeutically effective concentration to the brain
(Howes and Kaar, 2018). On the other hand, the trans-cellular
mechanism plays an important role in the penetration of small
lipophilic molecules, viz., alcohol and steroid hormones (Curley
and Cady, 2018; Banks and Greig, 2019). Similarly, antipsychotic
agents are also known to present numerous complications,
although the patients undergo normal homeostasis. There
might be some mild issues of dry mouth or sedation to
extremely disagreeable situations of sexual dysfunction,
extrapyramidal symptoms, or constipation; to stressful
situations (such as acute dystonias); to traumatizing
conditions, including tardive dyskinesia or weight gain; and to
potentially lethal conditions due to agranulocytosis or
myocarditis (Muench and Hamer, 2010).

Thus, the challenges of delivering the therapeutic agents across
the BBB to the brain require immediate attention for recovering
from the issues by the use of modern platforms of drug delivery
and novel routes of administration. Therefore, the present review
has been attempted to present the challenges of delivering the
therapeutics to the brain using conventional routes of
administration and overcoming the issues by the introduction
of intranasal routes of administration to deliver the therapeutics
circumventing the biological barrier of the brain. We have also
emphasized different problems with solutions in administering
therapeutics using intranasal routes of administration with
special emphasis on advanced drug delivery systems to deliver
therapeutics to improve psychotic conditions. Finally, clinical
advancement in the delivery potential has also been highlighted in
overcoming the challenges of delivering psychotics to the brain.

CHALLENGES ASSOCIATED WITH
BRAIN-TARGETED DRUG DELIVERY

Conventionally available therapeutics targeting the CNS is
available for oral administration, including antipsychotics.
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Commonly, the oral route of drug administration of
medications represents the most comfortable and prevalent
form to human patients because of ease of administration,
improved patient compliance, less strict sterility standards
than sterile parenteral drugs, and reduced costs for both
the producer and customer (Reinholz et al., 2018). Although
there are various types of oral formulations available, these
orally administered medications can reach their target via
navigating various body compartments, which is difficult for
a wide range of pharmaceuticals (Homayun et al., 2019). The
stomach’s harsh acidic pH (1.5–4), first-pass metabolism
process, and presence of proteases (e.g., pepsin and
cathepsin) prevent the delivery of small and macromolecules
via this oral pathway (Homayun et al., 2019; Üstündağ Okur
et al., 2019). Furthermore, once the drug crosses the biological
gastrointestinal barrier, the drug molecule needs to cross an
even more rigid barrier of the BBB to reach the CNS
(Choudhury et al., 2021); the structure and role in preventing
penetration to the BBB have been discussed in the latter half of
this section. To surmount the problems associated with oral
delivery, the parenteral route is considered as an alternate that
possesses advantages of immediate onset of action, and poorly
absorbed drugs can be absorbed very well via this route (Gulati
and Gupta, 2011). On the other side, the drawbacks of
parenteral deliveries include its high cost, the need to be
sterile, possibilities of infections and nerve damage, and
requirement of trained staff for drug administration.
However, administration of therapeutics to the systemic
circulation via parenteral routes of drug administration
restricts the penetration of therapeutics by the presence of
the BBB. Thereby, the failure to attain therapeutically active
concentration at the diseased site became a significant
constraint, limiting the therapeutic efficacy of several
potential candidates for CNS diseases. Developing an
effective CNS drug delivery tool in tandem with CNS drug
discovery is critical.

Blood–Brain Barrier in Resisting
Permeation of Therapeutics to the Brain
The human brain comprises 100 billion blood capillaries and the
most perfused tissue of the body (Van Tellingen et al., 2015).
The brain blood vessel vasculature is designed in such a way as
to protect the brain from the entrance of neurotoxic
substances, however allowing essential nutrients to maintain
the primary function of the CNS. This circulation blood barrier
of the brain is known as the BBB. BBB signal conductance is
maintained by the ionic composition of the brain, although the
entry of macromolecules, neurotoxic substances, and
unwanted cells is restricted for the safety of body control.
Pericytes and astrocytes on endothelial cells ensure the
structural integrity of the BBB. Structural rigidity is
maintained by pericytes, whereas basal endothelial layers of
the blood vessels are covered by astrocytes and connected with
the neurons (Abbott et al., 2006; Alvarez et al., 2013;
Kesharwani et al., 2016).

Moreover, transmembrane proteins (claudin-1, occludin,
claudin-5, etc.) and cytoplasmic proteins (cingunin; zonula
occludens-1, 2, and 3; etc.) help in maintaining the closely
packed tight junction between brain endothelial cells
(Engelhardt and Sorokin, 2009; Amjad et al., 2015) (Figure 1).
Only gaseous substances and small molecules are allowed to pass
through the BBB. The absence of small apertures inhibits the
transendothelial passage of soluble components from the
systemic circulation to the brain or vice versa. The lack of any
single element may affect the activity and integrity of the BBB.
The parallel diffusion of the drugs through the BBB was also
restricted by the high electrical resistance of the brain barrier
(Butt et al., 1990).

Therefore, the substance, including therapeutic agents, can
penetrate the BBB through active or passive diffusion. Active
transport requires a carrier protein for transportation, whereas
passive diffusion of the drug is concentration gradient–dependent
and the most common mode of drug transport. Moreover,

FIGURE 1 | Association of different cells at the blood–brain barrier (Abbott et al., 2010).
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permeability depends on some physicochemical parameters,
such as molecular weight, lipophilicity, and charge (Mangas-
Sanjuan et al., 2010; Carpenter et al., 2014). The drug transport
across the BBB by the trans-cellular pathway is constrained by
efflux transporter such as P-glycoprotein (P-gp), which expels
the drug or substance from the absorbed cell and hinders the
penetration in the brain. The majority of drugs used to treat
CNS disorders is the potential substrate of P-gp and are unable
to achieve an adequate therapeutic concentration at the site of
action. Furthermore, the efflux of the drug is also associated
with multidrug resistance protein-1 from the plasma
membrane of epithelial cells. Hence, smaller lipophilic
molecules that could be absorbed from the BBB cannot
reach the targeted site due to efflux by multidrug resistance
protein-1 and P-gp to the systemic circulation (Ohtsuki and
Terasaki, 2007).

The pharmaceutical community’s focus has recently shifted to
developing novel and more efficient drug delivery systems,
potentially resulting in more effective and safer CNS
medicines (Khambhla et al., 2016; Stroup and Gray, 2018).
Concurrently, scientists are focusing on establishing alternate
routes of drug administration to circumvent the biological barrier
of the brain. In this context, the intranasal route of drug
administration has shown great potential in delivering
therapeutics directly to the brain for its improved efficacy. The
connecting section of the manuscript had been focused on this
novel route of drug administration with special emphasis on
brain delivery.

INTRANASAL ROUTES OF DRUG
DELIVERY AS A POTENTIAL PLATFORMTO
DELIVER THERAPEUTICS TO THE BRAIN
The role of the BBB toward restrictions in delivering
antipsychotic agents to the CNS is limited by the systemic
administration of therapeutics. Thus, the treatment of
neurological disorders faces a substantial challenge where the
endothelial cells of capillaries of the brain and spinal cord restrict
the passage of neurotoxic substances (Bonferoni et al., 2019).
Alternatively, intranasal administration has been used for various
purposes since the last century, including nasal decongestion,
rhinitis, and migraine (Erdő et al., 2018).

The mucosa of the nasal cavity provides a great choice of a
delivering route for targeting the therapeutics to the brain, where
high permeability of the mucosal layer allows penetration of
smaller molecules and biopharmaceutical compounds to the CNS
(Gänger et al., 2018). Based on its importance in delivering
therapeutics to the CNS, recent attention has been drawn
toward the intranasal administration of therapeutics,
considering an effective alternative to systemic exposure. This
novel route of administration provides a large surface area with
high vascularity and the possibility to circumvent the BBB
where painless delivery of the therapeutic agent is possible
with minimal invasion (Gorain et al., 2018; Kim et al., 2018;
Gadhave et al., 2019). In addition, this route could avoid all
the drawbacks of other routes of administration where

rapid drug absorption leads to a rapid onset of action (Jain
and Patravale, 2009; Choudhury et al., 2019). The Red
Indians of North America have utilized crushed leaves of
Ranunculus acris to treat headaches by nasal inhalation
(Xu et al., 2020) because the administration of low doses
using this intranasal route provides therapeutic effects with
few systemic adverse effects.

Furthermore, compared to the smaller surface area of the
lung, the intranasal administration is considered an effective
route for drug delivery, especially for pharmaceuticals with low
aqueous solubility (Alshweiat et al., 2019). Since the BBB does
not encompass the olfactory area of the nose, evasion of the
BBB after intranasal delivery is feasible. The intranasal route
offers good patient compliance as no technical skills or
expertise is required for the administration of intranasal
formulations. As a result of the increased medication
bioavailability to the CNS, fewer drug doses are required via
the intranasal route.

The intranasal route offers a special anatomical feature that
enables the transportation of drugs directly to the CNS and
systemic circulation (Kashyap and Shukla, 2019). The nasal
channel travels from the nasal vestibule to the nasopharynx
and is 12–14 cm long. It is divided into three sections:
vestibular, respiratory, and olfactory. The nasal septum
separates two chambers (i.e., nostrils) with a capacity of
16–19 cm3 and a surface area of roughly 180 cm2. The
vestibular area filters particles from inhaled air and is
positioned at the front aperture of the nasal passages
(Miyake and Bleier, 2015). In this region, however, drug
administration and absorption are of utmost importance.
Hair covers this area, filtering inhaled air and preventing
airborne contaminants from entering the respiratory
system. The respiratory system has a huge surface area and
significant vascularity (about 130 cm2). Most of the
medication absorption takes place in this area. This area is
lined with the pseudostratified columnar epithelium and
covered with a thick coating of mucus that flows toward
the nasal cavity’s posterior openings due to ciliary
rhythmic motions. The olfactory region, which has a
surface area of around 15 cm2, is vital for delivering drugs
to the brain and cerebrospinal fluid (Bharadwaj et al., 2021). It
comprises thick connective tissue and the lamina propria,
which houses the olfactory epithelium. The nasal mucosa
thickness varies between 2 and 4 mm. To capture
undesirable particles, epithelial cells border the nasal canal
and are covered by a 5-m-thick mucus coating (Patel, 2017).

Bypassing the biological barrier (BBB) and avoiding clinically
incompatible routes of direct administration of therapeutics to
the region of interest in the brain, therapeutics could be targeted
to the specific regions of the brain using the nanotechnology-
based cargo. Exposing the olfactory region of the nasal cavity with
these advanced delivery tools has been shown to improve
transportation of the therapeutics to the brain, even the
peptides and genetic materials of interest (Baba et al., 2015).
The pathway used to transport the genetic material loaded
nanocarrier via olfactory bulbs has been shown to restore the
olfaction of the olfactory deficit condition (Baba et al., 2015). The

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8655904

Pandey et al. Intranasal Delivery of Advanced-Delivery Tools

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


layout of the CNS provides the stages of delivering the absorbed
component from the olfactory bulb to the piriform, entorhinal
cortex, amygdala, hippocampus, and ventral tegmental area
(Dremencov et al., 2021). With this brain delivery approach,
the connecting section has highlighted the underlying
mechanisms of transportation of the therapeutics across the
nasal epithelium.

Mechanisms of Drug Transport Across the
Nasal Epithelium
For facilitation of absorption to occur, the medicine must
penetrate through the mucus layer of the nasal cavity, which
comprises the respiratory and olfactory epithelium, as shown in
Figure 2. The human nasal epithelium is pseudostratified and
comprises four different types of cells (goblet, basal, nonciliated,
and ciliated columnar microvillus cells). In the turbinates, the
most prevalent types of cells are ciliated cells. The olfactory region
of the intranasal cavity is not ciliated, whereas the respiratory area
(nasal fossa) is ciliated. Columnar (goblet, ciliated, and
microvillus) cells are found in the apical side of the cell layer,
close to the lumen.

In contrast, basal cells are found in the basolateral side of the
epithelium, closer to the basal lamina. The goblet cells produce
mucus, which is then cleared by the ciliated cells through
mucociliary clearance (Tildy and Rogers, 2015). Charged
molecules have a harder time passing through mucus than
uncharged molecules. There are two basic pathways for
medication absorption via the nasal mucosa: trans-cellular
and paracellular absorption (Wang et al., 2019). The
paracellular pathway is energy-free and involves a slow
passive diffusion of the drug through the gaps between the
cells. In general, the degree of intranasal absorption reduces
with increase in molecular size of the drug (Ozsoy et al., 2009). A
medication with a molecular weight greater than 1 kDa, for

example, has low bioavailability after intranasal delivery.
However, absorption enhancers can improve the
bioavailability of these compounds. Transcellular absorption,
on the other hand, is applicable to lipophilic medicines that are
easily absorbed via the epithelial cells of the nose, which may be
mediated by carriers or involve the opening of tight junctions
for drug absorption. P-gp, transporters such as organic cation,
dopamine, and amino acid are all located in the nasal mucosa,
particularly in the mucosa of the olfactory region (Wang et al.,
2019). The olfactory region is positioned above the middle
turbinate and contains smell receptors and millions of
olfactory nerve terminals. The olfactory bulb (gray matter) in
the brain is the place where the nerve ends. Mucus produced in
the olfactory glands (Bowman’s) moistens the olfactory
epithelium, which dissolves odorants and aids in olfactory
transduction response. Chang et al. evaluated the feasibility
of delivering mitochondria intranasally to bypass the BBB in
treating PD on the ipsilateral sides of lesioned brains for
3 months. Researchers delivered allogenic mitochondria
conjugated with Pep-1 (P-Mito) or unconjugated (Mito) in
the form of intranasal infusion once a week. A significant
improvement of rotational and locomotor behaviors in PD
rats was observed. Investigators revealed that the
mitochondria penetrated via the accessory olfactory bulb and
doublecortin-positive neurons of the rostral migratory stream
(RMS) on the ipsilateral sides of lesions. This investigation
shows the potential of intranasal delivery of mitochondria
validating internalization and migration of the mitochondria
via RMS neurons in the olfactory bulb (Chang et al., 2021).
Furthermore, Tang et al. formulated dopamine-loaded borneol
and lactoferrin co-modified nanoparticles (Lf-BNPs) using a
double emulsion solvent evaporation method to obtain high
therapeutic efficacy and reduced side effects. Investigators have
performed in vitro cytotoxicity studies in SH-SY5Y and 16HBE
cells and in vivo pharmacokinetic studies on rat brains. The

FIGURE 2 | Mechanism of drug delivery via the intranasal route of administration.
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results revealed the effectiveness of dopamine Lf-BNPs
administered intranasally for the management of PDs (Tang
et al., 2019). Finally, endocytosis is the mechanism through
which drugs are transported, particularly by swallowing into the
cell. The M cells are responsible for particle uptake by the nasal
epithelium. Endocytosis is the most common mode of transport
for molecules with molecular weights greater than 1,000 Da,
such as proteins, peptides, polypeptides, and polypeptide-
coated nanospheres in the 500-nm range (Wang et al., 2019).
Even though this route has been explored by several scientists
around the world for delivering therapeutics in the brain, there
are a number of limitations that restrict transformation into
clinical application. Those challenges are demonstrated in the
subsequent section of the article for better insights into this
delivery route.

CHALLENGES OF DELIVERING
THERAPEUTICS VIA THE INTRANASAL
ROUTE
Drug delivery via the intranasal route has a plethora of benefits, as
discussed in the earlier section. Still, several factors, viz.,
biological, biopharmaceutics, and physicochemical properties
of drug molecules require special attention while
formulating an intranasal formulation. Despite special
anatomical features for intranasal drug absorption, the
therapeutic target areas for nasally administered medications
differ depending on whether they are meant to have a local,
systemic, or presumably CNS effect. This means that the
medicine must be deposited in certain locations of the
turbinate and olfactory regions for these goals. This is not a
simple process to be accomplished precisely (Schroeter et al.,
2006). The complicated features and complex geometry of the
human nasal chamber, notably the difficult-to-reach sinuses,
make medication deposition and subsequent absorption
difficult (Liu et al., 2009). Inhaled drug particles are trapped
in the anterior region due to the convoluted nature of the
airway and only reach the olfactory region insignificantly.
Biologically, this route of drug delivery is not suitable in
various situations. During pathological conditions such as
nasal congestion in rhinitis and sinusitis, absorption of
active is adversely affected, and interpatient variabilities can
also be noted for absorption of the same drug.

In comparison to the gastrointestinal tract, the intranasal route
has a small surface area for drug absorption. Moreover, defense
mechanisms associated with the intranasal route, viz.,
mucociliary clearance can affect the drug absorption, and
enzymes present in the nasal cavity may also degrade
administered drugs. Furthermore, high molecular weight drugs
cannot be administered and the volume which can be delivered
intranasally is limited to a very low dose, that is, 25–200 µL
(Miyake and Bleier, 2015). When developing an effective and safe
pharmacological formulation for intranasal administration,
safety is paramount. During the development phase, the safety
of the drug and the excipients in the formulation must be
considered. Large molecules, such as peptides and proteins,

require absorption enhancers. They improve the permeability
of the nasal mucosa, which increases medication bioavailability
after intranasal delivery (Davis and Illum, 2003). Other excipients
serve as mucoadhesives, extending the period in contact with the
nasal mucosa. Excipients can dramatically reduce the safety of the
final medication due to their own toxicity profile and the drug’s
enhanced local exposure time. The toxicological implications of
the drug formulation’s local, systemic, CNS, and pulmonary
effects must also be examined. First, let us discuss all the
biological factors which present challenges for intranasal drug
delivery such as blood circulation to the nasal mucosa, presence of
protective enzymes, and nasal defense mechanism, that is,
mucociliary clearance (Miyake and Bleier, 2015). Blood
circulation to the nasal area controls crucial nasal parameters
such as temperature and humidification of inhaled air. Available
vasoconstrictors, the most popular decongestants, viz.,
xylometazoline and oxymetazoline, were found to reduce
blood flow within the nose. Nasal hemorrhage and the
extremely unusual occurrence of nasoseptal perforation were
reported as rare adverse effects with intranasal corticosteroids
used for treating seasonal rhinitis (Bende et al., 1992).
Furthermore, oxymetazoline, an anesthetic for the treatment of
epistaxis, has its strong peripheral alpha-adrenergic 1 and 2
agonists, but it can also activate central alpha 2
adrenoreceptors when it reaches the systemic blood
circulation. Vasoconstriction and sympathetic effects, such as
fast, irregular, or pounding heartbeat, headache, dizziness,
sleepiness, elevated blood pressure, nervousness, and
trembling, are examples of undesirable systemic effects caused
by oxymetazoline which may worsen hypertension, tachycardia,
and peripheral vasoconstriction (Dokuyucu et al., 2015). These
challenges need to be addressed before addressing any CNS
issues using the intranasal route. The subsequent section of the
article highlighted recent advancements in the delivery of
antipsychotics by overcoming the associated challenges in
intranasal delivery.

RECENT ADVANCEMENT OF DELIVERING
ANTIPSYCHOTICS USING INTRANASAL
ROUTE
In recent years, the delivery of antipsychotic agents through the
intranasal route has been extensively investigated to unravel
various challenges over the other conventional routes. Among
the wide range of delivery systems, some expanded specific
attention in the drug delivery process. The last 5 years
advocate the latest advancement in intranasal delivery of
antipsychotic drugs through various delivery systems,
including nanoemulsions, lipid nanoparticles (SLNs and
NLCs), nanosuspensions, dendrimers, and in situ gels as
illustrated in Figure 3. Various antipsychotic drugs such as
aripiprazole, asenapine, olanzapine, zotepine, clozapine,
amisulpride, paliperidone, quetiapine, and haloperidol were
explored for intranasal administration through advanced
delivery systems and have been reported in the literature
(Supplementary Table S1).
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Nanoemulsion Tool in Intranasal Delivery of
Antipsychotics
Nanoemulsion is a dispersion of two immiscible liquids
(usually water and oil) in the form of droplets ranging from
20–200 nm. This dispersion system can efficiently deliver the
lipophilic therapeutics across the BBB due to high physical
stability, biodegradability, nano-range droplets, and
biocompatibility (Pandey et al., 2018; Chatterjee et al.,
2019). In this regard, aripiprazole-loaded mucoadhesive
nanoemulsion had been fabricated and investigated by
Kumbhar et al. Aripiprazole is currently approved for the
treatment of schizophrenia against both negative and
positive symptoms with a safer profile than other categories
of drugs. However, its poor solubility, bioavailability, and
nontargeted delivery result in different side effects, losing
patient compliance when delivered via the conventional oral
route of administration. Therefore, the researchers
hypothesized that mucoadhesive nanoemulsion could entrap
the drug in the oil core of the formulation, and nasal delivery
can enhance its bioavailability through longer retention of the
formulation due to the presence of mucoadhesive polymers in
it. The nanoemulsion was found efficient for intranasal
delivery with 96.9% targeting efficiency of the drug. The
nanoemulsion was optimized using the Box–Behnken
statistical design and able to permeate well (permeation co-
efficient: 62.87 cm h−1 × 103) through the mucous membranes
of sheep. Maximum Cmax values and Tmax value of
aripiprazole after intranasal administration of the
nanoemulsion were found to be 15.19 ± 2.51 μg ml−1 and

1 h, respectively. The report also discussed that components
and formulations are less toxic as per the ex vivo ciliotoxicity
study on nasal mucosa (Kumbhar et al., 2021).

Similarly, asenapine maleate, approved by the Food and Drug
Administration for the treatment of schizophrenia and
bipolar disorder, belongs to the BCS class II category with
limited aqueous solubility with extensive first-pass
metabolism, which leads to low bioavailability (<2%). Thus,
the same investigators explored the intranasal route for
administering asenapine-loaded mucoadhesive
nanoemulsion (ASP-MNE) to investigate the drug targeting
potential. Droplet size distribution, droplet size, and surface
charge of formulated nanoemulsions were optimized using a
statistical design, Box–Behnken design. The optimized
formulation showed a droplet size of 21.2 ± 0.15 nm with a
spherical shape and acceptable polydispersity index (0.355).
The results showed enhanced ex vivo permeation with ASP-
MNE and asenapine nanoemulsion (ASP-NE) when
compared to the drug solution. Toxic manifestation on the
nasal mucosa by the use of excipients and formulation was
evaluated via the nasal ciliotoxicity study of sheep nasal
mucosa, where the mucosa treated with simulated nasal
fluid did not show any histological damage; in contrast,
positive control (iso-propyl alcohol) leads to extensive
damage (Figure 4). It is also evident from the figure that
blank formulation, ASP-NE, and ASP-MNE did not show any
morphological changes or toxicity to the nasal mucosa. The
pharmacokinetics data revealed that intranasal delivery of
asenapine in animals increases the concentration of drug

FIGURE 3 | Various advanced drug delivery tools for nose-to-brain targeting of neurotherapeutics.
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(284.33 ± 5.5 ng/ml) in the brain. The formulations were also
found to be safe with better antipsychotic activity through
hind-limb retraction test and good locomotor activity
(Kumbhar et al., 2020). In another study, Gadhave et al.
fabricated and evaluated amisulpride-loaded in situ
nanoemulgel for intranasal delivery. The researchers first
developed, optimized, and characterized amisulpride-
loaded nanoemulsions. The optimized nanoemulsion was
then converted into an in situ nanoemulgel using gellan
gum and poloxamer 407. Figure 5 indicates that the
administration of intranasal amisulpride nanoemulgel and
nanoemulsion could lead to significant increase in brain
concentration as compared to the brain kinetics following
intravenous administration. Moreover, on evaluation of the
pharmacokinetic profile, Cmax of the intranasal amisulpride-
loaded in situ nanoemulgel was found to be 1.48 times higher
than that of intranasal amisulpride-loaded nanoemulsion,
which indicated that the conversion of nanoemulsion to
nanoemulgel facilitated intranasal retention for prolonged
absorption (Gadhave et al., 2021). The importance and
application of the gel in the delivery of therapeutics via
the intranasal route have been discussed in the subsequent
section.

Overall, the experimental results of nanoemulsion-based
intranasal delivery of antipsychotics illustrated superior
control of the diseased condition safely, which could open
up avenues in the future for further experimentation toward
clinical application.

Nanoparticles in the Advancement of
Intranasal Delivery of Antipsychotics
Lipid nanoparticles are nano-based lipid structures capable of
encapsulating therapeutics of different characteristics. Lipid
nanoparticles can be categorized as NLCs (nanostructured
lipid carriers), liposomes, and SLNs (solid lipid nanoparticles)
with the potential of loading both hydrophilic and hydrophobic
drugs. Olanzapine is one of the most widely used drugs to treat
schizophrenia in controlling negative and positive symptoms.
The main constraint in olanzapine delivery is the high volume of
distribution; hence, only a small percentage of the drug reaches
the brain. Thus, cardiovascular side effects and dose-dependent
weight gain are the main setbacks of the nonselective distribution
of olanzapine. Research study on the development of olanzapine-
loaded nanoparticles by emulsification followed by the ultra-
sonication technique to reduce its off-target effects is required.
The formulation parameters were optimized by the Box–Behnken
design, and the optimized formulation was then coated with
Polysorbate 80 to increase the brain targeting potential.
Formulated SLNs were spherical in shape with a small particle
size (151.29 ± 3.36 nm) and narrow size distribution. Extended
release of the drug was observed for 48 h, and no significant
changes in the formulation parameter after 6 months of the
stability study were reported. The olanzapine-loaded SLNs
resulted in an enhanced antipsychotic effect (48 h) when
compared with pure olanzapine solution (8 h) (Joseph et al.,
2017). Similarly, Kaur et al. prepared SLN comprising solid

FIGURE 4 |Histopathological assessment of nasal mucosa condition after 2 h exposure of (A) iso-propyl alcohol (positive control), (B) simulated nasal fluid (pH 6.4)
(negative control), (C) asenapine mucoadhesive nanoemulsion, (D) asenapine nanoemulsion, and (E) blank mucoadhesive nanoemulsion (Kumbhar et al., 2020).
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lipid (steric acid), solvent (isopropyl alcohol), liquid lipid (oleic
acid), surfactant (Poloxamer 407), and coating agent (chitosan)
for olanzapine delivery. They found that NLCs containing
olanzapine following administration via the intranasal route
resulted in a high permeation rate of 84.03%. Entrapment
efficiency, particle size, and mucoadhesion study was 87%,
227.0 ± 6.3 nm, and 15 ± 2 min, respectively (Kaur et al.,
2021). In another interesting study, olanzapine was
investigated to overcome the problem of poor bioavailability
and liver metabolism by delivering through chitosan-modified
niosomes. The prepared niosomes were evaluated for particle size
and entrapment efficiency; moreover, they have reported
2.46 times higher permeation through nasal mucosa (Khallaf
et al., 2020).

On the other hand, Jazuli et al. prepared NLC-encapsulated
lurasidone for brain delivery via the intranasal route. NLC
formulation was prepared by the solvent evaporation method
and optimized by the statistical design entitled Box–Behnken
design for the study of surfactant, sonication time, and lipid
concentration. Results of the study demonstrated that the
concentration of the drug was found to increase by 2 folds in
the brain when compared with the drug solution after intranasal
administration (Jazuli et al., 2019). In another study, Upadhyay
et al. utilized two strategies in a single platform for the
preparation of quetiapine inclusion and then loaded it into the
liposomal carrier. Liposomes were prepared by thin-film

hydration–sonication and optimized by the 32 full factorial
design. The developed liposomes revealed better permeation
using the nasal mucosa of sheep with an acceptable safety
profile (Upadhyay et al., 2017).

Alternatively, groups of authors reported donepezil-loaded SLNs
for delivery of drugs to the brain through the intranasal route. In this
study, glyceryl monostearate was used as the solid lipid and Tween
80 and Poloxamer 188 were used as surfactants to prepare SLNs by
solvent emulsification diffusion techniques. As per the data of
pharmacokinetic and biodistribution studies, drug-loaded SLNs
showed that the AUC value was 2.26-fold higher in the brain
than in the drug solution after intranasal administration (Yasir
et al., 2017). In another interesting report, it was illustrated that
hybrid nanoparticles made up of Brij98 (surfactant) and Eudragit
L100-55 were able to efficiently deliver the antipsychotic drug,
haloperidol. The prepared nanoparticles showed good stability
and drug loading efficiency (Filippov et al., 2021).

Alternatively, polymeric micelles are the nanosized, self-
assembled, core-shell structures characterized by amphiphilic
block copolymers. These micellar structures are capable of
loading, carrying, and releasing the drug molecules at a
particular targeted site. Interesting features of polymeric
micelles, such as high stability, core-shell arrangement,
micellar association, low toxicity, biocompatibility, and nano-
size (Gorain et al., 2020a; Alfaifi et al., 2020) make it a favorable
device for intranasal delivery of antipsychotic drugs. In this
regard, Pokharkar et al. attempted to investigate the brain
targeting potential of lurasidone-loaded mixed micelles
(LHMMs) via the intranasal route. The particle size and
entrapment efficiency of optimized LHMMs were 175 nm and
97.8%, respectively. The LHMM showed 81% drug diffusion
in vitro with 79% of drug penetration through the nasal
mucosa without any toxicity or morphological changes on
mucosal cells. The pharmacokinetic results revealed an
enhanced concentration of drug (9.5 ± 0.21 μg/ml Cmax) in the
brain after intranasal administration with respect to the pure drug
(Pokharkar et al., 2020). Thus, these lipid-based formulations,
including SLN, NLC, liposome, micelle, etc. are found to be a
useful delivery system for intranasal administration of the
antipsychotic drugs for targeting direct brain delivery.

Nanosuspension-Based Improved Delivery
of Antipsychotics
Nanosuspensions are biphasic dispersion systems comprising a
drug (particle size less than 1 μm in size) suspended in an aqueous
medium (Shariare et al., 2019). Nanosuspension is a very effective
strategy for enhancing the solubility and bioavailability of drugs
prepared by a variety of methods, such as melt-emulsification,
precipitation, microemulsion, milling methods, and high-
pressure homogenization (Patel and Agrawal, 2011). Utilizing
this novel platform, Pailla et al. reported the formulation
development of zotepine-loaded nanosuspension with two
methods, high-pressure homogenization preceded by
precipitation and sonoprecipitation. Usually, zotepine is a
well-tolerated antipsychotic drug with low bioavailability and
nonselective distribution, which led to a lower concentration

FIGURE 5 | Mean (A) blood, (B) brain concentration-time curve for
amisulpride nanogel (AMS-NG) (intranasal), amisulpride nanoemulsion
(AMS-NE) (intranasal), and AMS-NE (intravenous) (Gadhave et al., 2021).
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of the drug. To combat this setback, a nanosuspension,
comprising hydroxypropyl methylcellulose E15, Pluronic F-
127, and soya lecithin, was synthesized. The results showed an
average particle size of less than 520 nm with 81.79% of drug
release. The nanoemulsion prepared by sonoprecipitation
resulted in lower brain concentration (AUC, 8.6-folds)
when compared to the homogenization process (AUC,
10.79-folds). However, no significant changes were
observed in brain histopathology results (Pailla et al.,
2019). Although much exploration has not been made in
delivering therapeutics under the antipsychotic category
using this nanosuspension platform, this delivery system
has the potential to improve the brain availability of these
therapeutic agents.

Advancement of Dendrimer-Based Delivery
of Antipsychotics
Dendrimers are branched, discrete structures with a controlled
shape, size, molecular weight, and high level of surface
functionality (Gorain et al., 2017, 2018). In the last few years,
dendrimers were also studied for delivery of drugs through the
intranasal route to target the brain bypassing the liver metabolism of
the incorporated drug. In this context, an interesting study was
carried out by Katare et al. on the formulation and distribution
profile of dendrimers consisting of haloperidol. The developed
formulation was intended for intranasal administration. The
study supported an increase in solubility (more than 100 times)
in the developed dendrimer-based formulation and significantly
high distribution in the brain. Moreover, similar behavioral
responses were observed on administration of 6.7 times less dose
of dendrimer–haloperidol through the intranasal route compared to
intraperitoneal injection of the same drug. This indicated the
potential of dendrimers in brain delivery of hydrophobic drugs
(Katare et al., 2015). In another strategy, Xie et al. emphasized using a
PAMAM-based-dendrimer-incorporated in situ gel for
transportation of paeonol for brain targeting after the intranasal
administration. The various parameters such as particle size,
entrapment efficiency, zeta potential and drug loading for
prepared dendrimers and viscosity and mucoadhesive strength
for dendrimer-loaded in situ gels were characterized. Following
intranasal delivery of optimized formulation, maximum
concentration was attained at 12 h with significant accumulation
of dendrimers at the target area. It was also observed that intranasal
brain transportation efficiency was improved after entrapping
dendrimers in gel (Xie et al., 2019). Thus, the dendrimer-based
formulation platform provides the potential of transporting drugs
directly and efficiently to the brain.

Gelling-Based Delivery Platform of
Antipsychotics
Gels are semisolid dosage forms with three-dimensional
polymeric matrices comprising a small amount of solids
carrying a large amount of liquid (Pandey et al., 2021). The in
situ gelling system has the capability to convert from sol-to-gel

upon application to the site of administration. These systems are
easily removable from the skin, have high water content, and are
less greasy (Halligan et al., 2017). Poloxamers, gellan gum,
carbopol (anionic polymer), chitosan (cationic polymer),
alginates, hydroxypropyl methylcellulose, methylcellulose, etc.
are the commonly used polymers for the preparation of
gelling systems (Cassano et al., 2021). Interestingly, Michael
et al. described the preparation of peptide-loaded oxidized
starch nanoparticles and carboxymethyl chitosan hydrogel.
This novel strategy was capable of delivering drugs from the
nose to the brain by evading various barriers. This strategy
presents the potential to significantly reduce the dose
frequency and side effects of antipsychotics through a
minimally invasive route of administration. This strategy offers
alleviation of schizophrenic negative symptoms up to 72 h in the
schizophrenia rat model at lower doses than intraperitoneal
administration of the drug (twice) to achieve therapeutic
response for only a few hours (Majcher et al., 2021). Another
similar study emphasized the development of clozapine-loaded
nanoemulsion based on an in situ gel for bioavailability
enhancement via intranasal administration. Tween 80,
Transcutol P, and peppermint oil were selected as components
to fabricate the nanoemulsion, which was then characterized for
globule size, in vitro release, transmission electron microscopy,
and viscosity. The developed nanoemulsion was then converted
into an in situ gel by using Pluronic® F-127 (PF127) and F-68
(PF68). Ciliotoxicity examinations also showed no damage to the
epithelium lining and cells of the nasal mucosa after application
of the formulation (Abdulla et al., 2021).

The potential of brain targeting through the intranasal route
can also be explored by another new delivery system such as
mesocellular silica form, hybrid nanoparticles, and cyclodextrin-
based inclusions incorporated in in situ gels. This study developed
an intranasal thiolated chitosan-coated paliperidone-loaded
microsphere adsorbed on the mesocellular silica form. The use
of thiolated chitosan was found to be effective in enhancing the
mucoadhesive strength of the microspheres. The research group
was able to successfully control the release of the drug by avoiding
the initial burst release (Nanaki et al., 2017). A similar study
reported by Sherje and Londhe showed improved permeation of
paliperidone through sheep nasal mucosa using a hydroxypropyl-
β-cyclodextrin–based paliperidone inclusion platform. In this
study, Carbopol 934 and hydroxypropyl methylcellulose K4M
were used to formulate the in situ gel and found to show sustained
drug release with high mucoadhesion strength (Sherje and
Londhe, 2018). Overall, the outcomes of the studies
demonstrated the superiority of delivering therapeutics to the
brain via the intranasal route using the in situ gel–based
platforms.

CLINICAL STUDIES OF TREATING
PSYCHOTIC DISORDER USING
INTRANASAL ROUTES
Clinical studies are the next step to evaluate the effectiveness and
safety of new delivery devices following formulation optimization
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using an alternate route based on the data on preclinical studies to
send the novel ideas to the bedside of the patients. Research
progress using intranasal administration of therapeutics has also
been advanced at different stages of clinical research. In this
regard, it is pertinent to mention that oxytocin nasal spray
combined with social cognition training (SCT) has undergone
clinical trials to investigate its efficacy in early psychosis. Early
psychosis contributes to poor functional outcomes; however,
until now, the search for effective treatment for this problem
is still in the pipeline. The suggested treatment efficacy was
evaluated for clinical symptoms that improve social cognition
and functioning in early psychosis. Fifty-two individuals with the
early psychosis schizophrenia spectrum were recruited for a
randomized, double-blind, placebo-controlled clinical trial.
Participants were administered with placebo or nasal oxytocin
spray two times a day for 6 weeks along with SCT. Efficacy was
assessed by the Social Functioning Scale, reading the Mind in the
Eyes Test, observing positive and negative symptoms. The results
concluded that oxytocin treatment could have no benefits on
primary and secondary outcomes of early psychosis. However, a
further clinical investigation is needed for nasal spray delivery
and dose-related variables (Cacciotti-Saija et al., 2015).

Similarly, the researchers also explored intranasal
administration of oxytocin for a new therapeutic strategy, in
the improvement of autonomic nervous system (ANS) regulation.
They have recruited 17 healthy men and 30men with clinical high
risk for psychosis (CHR-P) for randomized, double-blinded,
placebo-controlled, crossover magnetic resonance imaging
studies. Intranasal placebo or intranasal oxytocin was self-
administered by all participants. Subsequently, after 1 h of
dosing, high-frequency heart rate (HR) variability (HF-HRV)
and estimated HR were recorded. The results indicated that the
placebo did not show any significant difference in healthy men
and CHR-P men HR or HF-HRV. However, intranasal oxytocin
increased HF-HRV in CHR-P only. These findings support the
need for further research to investigate the therapeutic potential
of intranasal oxytocin (Martins et al., 2020). Hippocampal
dysfunction (HD) was investigated as a crucial factor for
psychosis onset. Alteration in hippocampal blood flow was
observed in CHR-P. In this context, Davies et al. examined the
intranasal oxytocin effect on hippocampal blood flow via a
randomized, placebo-controlled, double-blind study on
30 CHR-P individuals. Intranasal administration of oxytocin
was found to enhance the hippocampal blood flow, although
merits were suggested to investigate further with more patients
(Davies et al., 2019).

In another clinical trial, a correlation between the change in
clinical symptoms and peripheral oxytocin levels in
schizophrenia patients was investigated. Twenty-eight patients
were recruited in 3 weeks of study, and outcomes revealed an
improvement of negative symptoms in a small group of patients
(Lee et al., 2016; Katare et al., 2017). On the other hand,
researchers investigated the efficacy of nasal spray of
esketamine for treatment-resistant depression (TRD). Oral

antidepressant with esketamine nasal spray was compared
with placebo nasal spray with an oral antidepressant for
delaying the relapse of depressive symptoms in TRD patients.
In this multicenter, randomized, double-blind, clinical trial, 705
adults with TRD were recruited. The outcomes of the study
indicated the continuation of the nasal spray of esketamine
with an oral antidepressant in patients with TRD showed
clinically significant delaying relapse in comparison with the
placebo spray with an antidepressant (Daly et al., 2019).
Overall, it could be said that the preclinical research toward
improvement of brain delivery of antipsychotics would be
progressed one step ahead soon for clinical application via the
effective and safe outcomes in clinical research.

CONCLUSION

The rigid biological barrier of the brain (BBB and
blood–cerebrospinal barrier) restricts xenobiotics, including
therapeutic agents, to enter the brain. Thus, exploring novel
strategies of formulation aspects with an alternate route of
administration has shown to have a potential impact on brain
targeting. Intranasal delivery of therapeutics is proposed to utilize
the olfactory and trigeminal pathways to overcome the
obstacles imposed by the BBB. Furthermore, this
noninvasive route also attracts researchers’ attention, where
advanced drug deliveries have shown attractive results in
preclinical research. The potential of using novel delivery
devices with the polymeric matrix has indicated overcoming
the nasomucociliary clearance, thereby allowing prolonged
retention of the formulation for constant delivery of
therapeutics to the brain. These outcomes are waiting for
sufficient safety and efficacy data from the preclinical
studies to plan for clinical advancement. The pathways of
delivering therapeutics using this intranasal route are yet to be
confirmed for reproducible results; thus, this route of drug
administration for targeting antipsychotic agents directly to
the brain requires future preclinical and clinical investigations.

AUTHOR CONTRIBUTIONS

Conceptualization: BG. Literature search and writing—original
draft preparation: MP, NJ, JK, ZH, and BG. Writing—review and
editing: BG and MP.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.865590/
full#supplementary-material

Supplementary Table S1 | Administration of drugs to target the central nervous
system through administration of therapeutic deliveries via the intranasal route.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 86559011

Pandey et al. Intranasal Delivery of Advanced-Delivery Tools

https://www.frontiersin.org/articles/10.3389/fphar.2022.865590/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.865590/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R., and Begley, D. J.
(2010). Structure and Function of the Blood-Brain Barrier. Neurobiol. Dis. 37,
13–25. doi:10.1016/J.NBD.2009.07.030

Abbott, N. J., Rönnbäck, L., and Hansson, E. (2006). Astrocyte-endothelial
Interactions at the Blood-Brain Barrier. Nat. Rev. Neurosci. 7, 41–53. doi:10.
1038/nrn1824

Abdulla, N. A., Balata, G. F., El-ghamry, H. A., and Gomaa, E. (2021). Intranasal
Delivery of Clozapine Using Nanoemulsion-Based In-Situ Gels: An Approach
for Bioavailability Enhancement. Saudi Pharm. J. 29, 1466–1485. doi:10.1016/J.
JSPS.2021.11.006

Alfaifi, M. Y., Elbehairi, S. I., Shati, A. A., Fahmy, U. A., Alhakamy, N. A., and Md,
S. (2019). Ellagic Acid Loaded TPGS Micelles for Enhanced Anticancer
Activities in Ovarian Cancer. Int. J. Pharmacol. 16, 63–71. doi:10.3923/ijp.
2020.63.71

Alshweiat, A., Ambrus, R., and Csóka, I. (2019). Intranasal Nanoparticulate
Systems as Alternative Route of Drug Delivery. Curr. Med. Chem. 26,
6459–6492. doi:10.2174/0929867326666190827151741

Alvarez, J. I., Katayama, T., and Prat, A. (2013). Glial Influence on the Blood Brain
Barrier. Glia 61, 1939–1958. doi:10.1002/glia.22575

Amjad, M. W., Amin, M. C., Katas, H., Butt, A. M., Kesharwani, P., and Iyer, A. K.
(2015). In Vivo Antitumor Activity of Folate-Conjugated Cholic Acid-
Polyethylenimine Micelles for the Codelivery of Doxorubicin and siRNA to
Colorectal Adenocarcinomas. Mol. Pharm. 12, 4247–4258. doi:10.1021/acs.
molpharmaceut.5b00827

Baba, M., Itaka, K., Kondo, K., Yamasoba, T., and Kataoka, K. (2015). Treatment of
Neurological Disorders by Introducing mRNA In Vivo Using Polyplex
Nanomicelles. J. Control Release 201, 41–48. doi:10.1016/J.JCONREL.2015.
01.017

Banks, W. A. (20162016). From Blood-Brain Barrier to Blood-Brain Interface: New
Opportunities for CNS Drug Delivery. Nat. Rev. Drug Discov. 15 (15), 275–292.
doi:10.1038/nrd.2015.21

Banks, W. A., and Greig, N. H. (2019). Small Molecules as central Nervous System
Therapeutics: Old Challenges, NewDirections, and a Philosophic divide. Future
Med. Chem. 11, 489–493. doi:10.4155/FMC-2018-0436

Bende, M., Hansell, P., Intaglietta, M., and Arfors, K. E. (1992). Effect of
Oxymetazoline Nose Drops on Vascular Permeability of the Nasal Mucosa
in the Rabbit after Provocation with Leukotriene B4. ORL. J. Otorhinolaryngol.
Relat. Spec. 54, 270–274. doi:10.1159/000276313

Bharadwaj, V. N., Tzabazis, A. Z., Klukinov, M., Manering, N. A., and Yeomans, D.
C. (2021). Intranasal Administration for Pain: Oxytocin and Other
Polypeptides. Pharmaceutics 13, 1088. doi:10.3390/
PHARMACEUTICS13071088

Bonferoni, M., Rossi, S., Sandri, G., Ferrari, F., Gavini, E., Rassu, G., et al. (2019).
Nanoemulsions for "Nose-To-Brain" Drug Delivery. Pharmaceutics 11, 84.
doi:10.3390/pharmaceutics11020084

Butt, A. M., Jones, H. C., and Abbott, N. J. (1990). Electrical Resistance across the
Blood-Brain Barrier in Anaesthetized Rats: a Developmental Study. J. Physiol.
429, 47–62. doi:10.1113/JPHYSIOL.1990.SP018243

Cacciotti-Saija, C., Langdon, R., Ward, P. B., Hickie, I. B., Scott, E. M.,
Naismith, S. L., et al. (2015). A Double-Blind Randomized Controlled
Trial of Oxytocin Nasal spray and Social Cognition Training for Young
People with Early Psychosis. Schizophr. Bull. 41, 483–493. doi:10.1093/
SCHBUL/SBU094

Calva, C. B., Fayyaz, H., and Fadel, J. R. (2020). Effects of Intranasal Orexin-A
(Hypocretin-1) Administration on Neuronal Activation, Neurochemistry, and
Attention in Aged Rats. Front. Aging Neurosci. 11, 362. doi:10.3389/FNAGI.
2019.00362/BIBTEX

Carpenter, T. S., Kirshner, D. A., Lau, E. Y., Wong, S. E., Nilmeier, J. P., and
Lightstone, F. C. (2014). A Method to Predict Blood-Brain Barrier Permeability
of Drug-like Compounds Using Molecular Dynamics Simulations. Biophys. J.
107, 630–641. doi:10.1016/J.BPJ.2014.06.024

Cassano, R., Di Gioia, M. L., and Trombino, S. (20212021). Gel-based Materials for
Ophthalmic Drug Delivery. Gels 7, 130. doi:10.3390/GELS7030130

Chang, J.-C., Chao, Y.-C., Chang, H.-S., Wu, Y.-L., Chang, H.-J., Lin, Y.-S., et al.
(2021). Intranasal Delivery of Mitochondria for Treatment of Parkinson’s

Disease Model Rats Lesioned with 6-hydroxydopamine. Sci. Rep. 11, 10597.
doi:10.1038/s41598-021-90094-w

Chatterjee, B., Gorain, B., Mohananaidu, K., Sengupta, P., Mandal, U. K., and
Choudhury, H. (2019). Targeted Drug Delivery to the Brain via Intranasal
Nanoemulsion: Available Proof of Concept and Existing Challenges. Int.
J. Pharm. 565, 258–268. doi:10.1016/J.IJPHARM.2019.05.032

Choudhury, H., Gorain, B., and Kesharwani, P. (2021). Physiology of the Biological
Barriers. Theor. Appl. Nonparenteral Nanomedicines 1, 79–95. doi:10.1016/
B978-0-12-820466-5.00004-1

Choudhury, H., Zakaria, N. F. B., Tilang, P. A. B., Tzeyung, A. S., Pandey, M.,
Chatterjee, B., et al. (2019). Formulation Development and Evaluation of
Rotigotine Mucoadhesive Nanoemulsion for Intranasal Delivery. J. Drug
Deliv. Sci. Technology 54, 101301. doi:10.1016/j.jddst.2019.101301

Curley, S. M., and Cady, N. C. (2018). Biologically-derived Nanomaterials for
Targeted Therapeutic Delivery to the Brain. Sci. Prog. 101, 273–292. doi:10.
3184/003685018X15306123582346

Daly, E. J., Trivedi, M. H., Janik, A., Li, H., Zhang, Y., Li, X., et al. (2019). Efficacy of
Esketamine Nasal Spray Plus Oral Antidepressant Treatment for Relapse
Prevention in Patients with Treatment-Resistant Depression: A Randomized
Clinical Trial. JAMA Psychiatry 76, 893–903. doi:10.1001/
JAMAPSYCHIATRY.2019.1189

Davies, C., Paloyelis, Y., Rutigliano, G., Cappucciati, M., De Micheli, A., Ramella-
Cravaro, V., et al. (2019). Oxytocin Modulates Hippocampal Perfusion in
People at Clinical High Risk for Psychosis. Neuropsychopharmacology 44,
1300–1309. doi:10.1038/s41386-018-0311-6

Davis, S. S., and Illum, L. (2003). Absorption Enhancers for Nasal Drug Delivery.
Clin. Pharmacokinet. 42, 1107–1128. doi:10.2165/00003088-200342130-00003

Dokuyucu, R., Gokce, H., Sahan, M., Sefil, F., Tas, Z. A., Tutuk, O., et al. (2015).
Systemic Side Effects of Locally Used Oxymetazoline. Int. J. Clin. Exp. Med. 8,
2674–2678.

Dremencov, E., Jezova, D., Barak, S., Gaburjakova, J., Gaburjakova, M., Kutna, V.,
et al. (2021). Trophic Factors as Potential Therapies for Treatment of Major
Mental Disorders. Neurosci. Lett. 764, 136194. doi:10.1016/J.NEULET.2021.
136194

Engelhardt, B., and Sorokin, L. (2009). The Blood-Brain and the Blood-
Cerebrospinal Fluid Barriers: Function and Dysfunction. Semin.
Immunopathol. 31, 497–511. doi:10.1007/S00281-009-0177-0

Erdő, F., Bors, L. A., Farkas, D., Bajza, Á., and Gizurarson, S. (2018). Evaluation of
Intranasal Delivery Route of Drug Administration for Brain Targeting. Brain
Res. Bull. 143, 155–170. doi:10.1016/J.BRAINRESBULL.2018.10.009

Feigin, V. L., Roth, G. A., Naghavi, M., Parmar, P., Krishnamurthi, R., Chugh, S.,
et al. (2016). Global burden of Stroke and Risk Factors in 188 Countries, during
1990-2013: a Systematic Analysis for the Global Burden of Disease Study 2013.
Lancet Neurol. 15, 913–924. doi:10.1016/S1474-4422(16)30073-4

Filippov, S. K., Khusnutdinov, R. R., Inham,W., Liu, C., Nikitin, D. O., Semina, I. I.,
et al. (2021). Hybrid Nanoparticles for Haloperidol Encapsulation: Quid Est
Optimum? Polymers (Basel) 13, 4189. doi:10.3390/POLYM13234189

Gadhave, D., Tupe, S., Tagalpallewar, A., Gorain, B., Choudhury, H., and Kokare,
C. (2021). Nose-to-brain Delivery of Amisulpride-Loaded Lipid-Based
Poloxamer-Gellan Gum Nanoemulgel: In Vitro and In Vivo
Pharmacological Studies. Int. J. Pharm. 607, 121050. doi:10.1016/J.
IJPHARM.2021.121050

Gadhave, D., Gorain, B., Tagalpallewar, A., and Kokare, C. (2019). Intranasal
Teriflunomide Microemulsion: An Improved Chemotherapeutic Approach in
Glioblastoma. J. Drug Deliv. Sci. Technology 51, 276–289. doi:10.1016/J.JDDST.
2019.02.013

Gänger, S., Schindowski, K., Gänger, S., and Schindowski, K. (2018). Tailoring
Formulations for Intranasal Nose-To-Brain Delivery: A Review on
Architecture, Physico-Chemical Characteristics and Mucociliary Clearance
of the Nasal Olfactory Mucosa. Pharmaceutics 10, 116. doi:10.3390/
pharmaceutics10030116

Gorain, B., Rajeswary, D. C., Pandey, M., Kesharwani, P., Kumbhar, S. A., and
Choudhury, H. (2020b). Nose to Brain Delivery of Nanocarriers towards
Attenuation of Demented Condition. Curr. Pharm. Des. 26, 2233–2246.
doi:10.2174/1381612826666200313125613

Gorain, B., Tekade, M., Kesharwani, P., Iyer, A. K., Kalia, K., and Tekade, R. K.
(2017). The Use of Nanoscaffolds and Dendrimers in Tissue Engineering. Drug
Discov. Todaytoday 22, 652–664. doi:10.1016/j.drudis.2016.12.007

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 86559012

Pandey et al. Intranasal Delivery of Advanced-Delivery Tools

https://doi.org/10.1016/J.NBD.2009.07.030
https://doi.org/10.1038/nrn1824
https://doi.org/10.1038/nrn1824
https://doi.org/10.1016/J.JSPS.2021.11.006
https://doi.org/10.1016/J.JSPS.2021.11.006
https://doi.org/10.3923/ijp.2020.63.71
https://doi.org/10.3923/ijp.2020.63.71
https://doi.org/10.2174/0929867326666190827151741
https://doi.org/10.1002/glia.22575
https://doi.org/10.1021/acs.molpharmaceut.5b00827
https://doi.org/10.1021/acs.molpharmaceut.5b00827
https://doi.org/10.1016/J.JCONREL.2015.01.017
https://doi.org/10.1016/J.JCONREL.2015.01.017
https://doi.org/10.1038/nrd.2015.21
https://doi.org/10.4155/FMC-2018-0436
https://doi.org/10.1159/000276313
https://doi.org/10.3390/PHARMACEUTICS13071088
https://doi.org/10.3390/PHARMACEUTICS13071088
https://doi.org/10.3390/pharmaceutics11020084
https://doi.org/10.1113/JPHYSIOL.1990.SP018243
https://doi.org/10.1093/SCHBUL/SBU094
https://doi.org/10.1093/SCHBUL/SBU094
https://doi.org/10.3389/FNAGI.2019.00362/BIBTEX
https://doi.org/10.3389/FNAGI.2019.00362/BIBTEX
https://doi.org/10.1016/J.BPJ.2014.06.024
https://doi.org/10.3390/GELS7030130
https://doi.org/10.1038/s41598-021-90094-w
https://doi.org/10.1016/J.IJPHARM.2019.05.032
https://doi.org/10.1016/B978-0-12-820466-5.00004-1
https://doi.org/10.1016/B978-0-12-820466-5.00004-1
https://doi.org/10.1016/j.jddst.2019.101301
https://doi.org/10.3184/003685018X15306123582346
https://doi.org/10.3184/003685018X15306123582346
https://doi.org/10.1001/JAMAPSYCHIATRY.2019.1189
https://doi.org/10.1001/JAMAPSYCHIATRY.2019.1189
https://doi.org/10.1038/s41386-018-0311-6
https://doi.org/10.2165/00003088-200342130-00003
https://doi.org/10.1016/J.NEULET.2021.136194
https://doi.org/10.1016/J.NEULET.2021.136194
https://doi.org/10.1007/S00281-009-0177-0
https://doi.org/10.1016/J.BRAINRESBULL.2018.10.009
https://doi.org/10.1016/S1474-4422(16)30073-4
https://doi.org/10.3390/POLYM13234189
https://doi.org/10.1016/J.IJPHARM.2021.121050
https://doi.org/10.1016/J.IJPHARM.2021.121050
https://doi.org/10.1016/J.JDDST.2019.02.013
https://doi.org/10.1016/J.JDDST.2019.02.013
https://doi.org/10.3390/pharmaceutics10030116
https://doi.org/10.3390/pharmaceutics10030116
https://doi.org/10.2174/1381612826666200313125613
https://doi.org/10.1016/j.drudis.2016.12.007
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Gorain, B., Choudhury, H., Pandey, M., Mohd Amin, M. C. I., Singh, B., Gupta, U.,
et al. (2018). Dendrimers as Effective Carriers for the Treatment of Brain
Tumor. Drug Discov. Today 21 (5), 766–778. doi:10.1016/b978-0-12-812218-1.
00010-5

Gorain, B., Choudhury, H., Patro Sisinthy, S., and Kesharwani, P. (2020a).
“Polymeric Micelle-Based Drug Delivery Systems for Tuberculosis
Treatment,” in Nanotechnology Based Approaches for Tuberculosis
Treatment (Elsevier), 175–191. doi:10.1016/b978-0-12-819811-7.00011-4

Gulati, N., and Gupta, H. (2011). Parenteral Drug Delivery: a Review. Recent Pat.
Drug Deliv. Formul. 5, 133–145. doi:10.2174/187221111795471391

Halligan, S. C., Dalton, M. B., Murray, K. A., Dong, Y., Wang, W., Lyons, J. G., et al.
(2017). Synthesis, Characterisation and Phase Transition Behaviour of
Temperature-Responsive Physically Crosslinked Poly (N-Vinylcaprolactam)
Based Polymers for Biomedical Applications. Mater. Sci. Eng. C Mater. Biol.
Appl. 79, 130–139. doi:10.1016/j.msec.2017.03.241

Homayun, B., Lin, X., and Choi, H. J. (2019). Challenges and Recent Progress in
Oral Drug Delivery Systems for Biopharmaceuticals. Pharmaceutics 11, 129.
doi:10.3390/PHARMACEUTICS11030129

Howes, O. H., and Kaar, S. J. (2018). Antipsychotic Drugs: Challenges and Future
Directions. World Psychiatry 17, 170–171. doi:10.1002/WPS.20522

Jain, R., and Patravale, V. B. (2009). Development and Evaluation of Nitrendipine
Nanoemulsion for Intranasal Delivery. J. Biomed. Nanotechnol. 5, 62–68.
doi:10.1166/jbn.2009.031

Jazuli, I., AnnuNabi, B., Nabi, B., Moolakkadath, T., Alam, T., Baboota, S., et al.
(2019). Optimization of Nanostructured Lipid Carriers of Lurasidone
Hydrochloride Using Box-Behnken Design for Brain Targeting: In Vitro
and In Vivo Studies. J. Pharm. Sci. 108, 3082–3090. doi:10.1016/J.XPHS.
2019.05.001

Joseph, E., Reddi, S., Rinwa, V., Balwani, G., and Saha, R. (2017). Design and In
Vivo Evaluation of Solid Lipid Nanoparticulate Systems of Olanzapine for
Acute Phase Schizophrenia Treatment: Investigations on Antipsychotic
Potential and Adverse Effects. Eur. J. Pharm. Sci. 104, 315–325. doi:10.1016/
J.EJPS.2017.03.050

Kashyap, K., and Shukla, R. (2019). Drug Delivery and Targeting to the Brain
through Nasal Route: Mechanisms, Applications and Challenges. Curr. Drug
Deliv. 16, 887–901. doi:10.2174/1567201816666191029122740

Katare, Y. K., Daya, R. P., Sookram Gray, C., Luckham, R. E., Bhandari, J.,
Chauhan, A. S., et al. (2015). Brain Targeting of a Water Insoluble
Antipsychotic Drug Haloperidol via the Intranasal Route Using PAMAM
Dendrimer. Mol. Pharm. 12, 3380–3388. doi:10.1021/acs.molpharmaceut.
5b00402

Katare, Y. K., Piazza, J. E., Bhandari, J., Daya, R. P., Akilan, K., Simpson, M. J., et al.
(2017). Intranasal Delivery of Antipsychotic Drugs. Schizophr. Res. 184, 2–13.
doi:10.1016/J.SCHRES.2016.11.027

Kaur, S., Nautiyal, U., Chawla, P. A., and Chawla, V. (2021). Nanostructured Lipid
Carriers for Intranasal Administration of Olanzapine in the Management of
Schizophrenia. Curr. Mol. Pharmacol. 14, 439–447. doi:10.2174/
1874467214666210120160016

Kesharwani, P., Jain, A., Jain, A., Jain, A. K., Garg, N. K., Tekade, R. K., et al. (2016).
Cationic Bovine Serum Albumin (CBA) Conjugated Poly Lactic-Co-Glycolic
Acid (PLGA) Nanoparticles for Extended Delivery of Methotrexate into Brain
Tumors. RSC Adv. 6, 89040–89050. doi:10.1039/C6RA17290C

Khallaf, R. A., Aboud, H. M., and Sayed, O. M. (2020). Surface Modified Niosomes
of Olanzapine for Brain Targeting via Nasal Route; Preparation, Optimization,
and In Vivo Evaluation. J. Liposome Res. 30, 163–173. doi:10.1080/08982104.
2019.1610435

Khambhla, E., Shah, V., and Baviskar, K. (2016). Drug Delivery to CNS: Challenges
and Opportunities with Emphasis on Biomaterials Based Drug Delivery
Strategies. Curr. Pharm. Des. 22, 2913–2922. doi:10.2174/
1381612822666160401145951

Kim, D., Kim, Y. H., and Kwon, S. (2018). Enhanced Nasal Drug Delivery
Efficiency by Increasing Mechanical Loading Using Hypergravity. Sci. Rep.
8, 168. doi:10.1038/s41598-017-18561-x

Kumar, N. N., Lochhead, J. J., Pizzo, M. E., Nehra, G., Boroumand, S., Greene, G.,
et al. (2018). Delivery of Immunoglobulin G Antibodies to the Rat Nervous
System Following Intranasal Administration: Distribution, Dose-Response, and
Mechanisms of Delivery. J. Control Release 286, 467–484. doi:10.1016/J.
JCONREL.2018.08.006

Kumbhar, S. A., Kokare, C. R., Shrivastava, B., Gorain, B., and Choudhury, H.
(2020). Preparation, Characterization, and Optimization of Asenapine Maleate
Mucoadhesive Nanoemulsion Using Box-Behnken Design: In Vitro and In Vivo
Studies for Brain Targeting. Int. J. Pharm. 586, 119499. doi:10.1016/j.ijpharm.
2020.119499

Kumbhar, S. A., Kokare, C. R., Shrivastava, B., Gorain, B., and Choudhury, H.
(2021). Antipsychotic Potential and Safety Profile of TPGS-Based
Mucoadhesive Aripiprazole Nanoemulsion: Development and Optimization
for Nose-To-Brain Delivery. J. Pharm. Sci. 110, 1761–1778. doi:10.1016/j.xphs.
2021.01.021

Lee, M. R., Wehring, H. J., McMahon, R. P., Liu, F., Linthicum, J., Verbalis, J. G.,
et al. (2016). Relationship of Plasma Oxytocin Levels to Baseline Symptoms and
Symptom Changes during Three Weeks of Daily Oxytocin Administration in
People with Schizophrenia. Schizophr. Res. 172, 165–168. doi:10.1016/J.
SCHRES.2016.02.014

Lei, P., Ayton, S., and Bush, A. I. (2021). The Essential Elements of Alzheimer’s
Disease. J. Biol. Chem. 296, 100105–105. doi:10.1074/JBC.REV120.008207

Liu, Y., Johnson, M. R., Matida, E. A., Kherani, S., and Marsan, J. (2009). Creation
of a Standardized Geometry of the Human Nasal Cavity. J. Appl. Physiol. (1985)
106, 784–795. doi:10.1152/JAPPLPHYSIOL.90376.2008

Majcher, M. J., Babar, A., Lofts, A., Leung, A., Li, X., Abu-Hijleh, F., et al. (2021). In
Situ-gelling Starch Nanoparticle (SNP)/O-carboxymethyl Chitosan (CMCh)
Nanoparticle Network Hydrogels for the Intranasal Delivery of an
Antipsychotic Peptide. J. Control Release 330, 738–752. doi:10.1016/J.
JCONREL.2020.12.050

Manford, M. (2017). Recent Advances in Epilepsy. J. Neurol. 264, 1811–1824.
doi:10.1007/S00415-017-8394-2

Mangas-Sanjuan, V., González-Alvarez, M., Gonzalez-Alvarez, I., and Bermejo, M.
(2010). Drug Penetration across the Blood-Brain Barrier: an Overview. Ther.
Deliv. 1, 535–562. doi:10.4155/TDE.10.37

Martins, D., Davies, C., De Micheli, A., Oliver, D., Krawczun-Rygmaczewska, A.,
Fusar-Poli, P., et al. (2020). Intranasal Oxytocin Increases Heart-Rate
Variability in Men at Clinical High Risk for Psychosis: a Proof-Of-Concept
Study. Transl. Psychiatry 10 (10), 227. doi:10.1038/s41398-020-00890-7

Marwari, S., Poulsen, A., Shih, N., Lakshminarayanan, R., Kini, R. M., Johannes, C.
W., et al. (2019). Intranasal Administration of a Stapled Relaxin-3 Mimetic Has
Anxiolytic- and Antidepressant-like Activity in Rats. Br. J. Pharmacol. 176,
3899–3923. doi:10.1111/BPH.14774

Miyake, M. M., and Bleier, B. S. (2015). The Blood-Brain Barrier and Nasal Drug
Delivery to the Central Nervous System. Am. J. Rhinol. Allergy 29, 124–127.
doi:10.2500/ajra.2015.29.4149

Muench, J., and Hamer, A. M. (2010). Adverse Effects of Antipsychotic
Medications. Am. Fam. Physician 81, 617–622.

Nanaki, S., Tseklima, M., Christodoulou, E., Triantafyllidis, K., Kostoglou, M., and
Bikiaris, D. N. (2017). Thiolated Chitosan Masked Polymeric Microspheres
with Incorporated Mesocellular Silica Foam (MCF) for Intranasal Delivery of
Paliperidone. Polymers (Basel) 9, 617. doi:10.3390/POLYM9110617

Ohtsuki, S., and Terasaki, T. (2007). Contribution of Carrier-Mediated Transport
Systems to the Blood-Brain Barrier as a Supporting and Protecting Interface for
the Brain; Importance for CNS Drug Discovery and Development. Pharm. Res.
24, 1745–1758. doi:10.1007/S11095-007-9374-5

Ozsoy, Y., Gungor, S., and Cevher, E. (2009). Nasal Delivery of High Molecular
Weight Drugs. Molecules 14, 3754–3779. doi:10.3390/
MOLECULES14093754

Pailla, S. R., Talluri, S., Rangaraj, N., Ramavath, R., Challa, V. S., Doijad, N., et al.
(2019). Intranasal Zotepine Nanosuspension: Intended for Improved Brain
Distribution in Rats. DARU J. Pharm. Sci. 27, 541–556. doi:10.1007/s40199-
019-00281-4

Pandey, M., Choudhury, H., Binti Abd Aziz, A., Bhattamisra, S. K., Gorain, B., Su,
J. S. T., et al. (2021). Potential of Stimuli-Responsive In Situ Gel System for
Sustained Ocular Drug Delivery: Recent Progress and Contemporary Research.
Polymers (Basel) 13, 1340. doi:10.3390/POLYM13081340

Pandey, M., Choudhury, H., Yeun, O. C., Yin, H. M., Lynn, T. W., Tine, C. L. Y.,
et al. (2018). Perspectives of Nanoemulsion Strategies in the Improvement of
Oral, Parenteral and Transdermal Chemotherapy. Curr. Pharm. Biotechnol. 19,
276–292. doi:10.2174/1389201019666180605125234

Patel, R. G. (2017). Nasal Anatomy and Function. Facial Plast. Surg. 33, 3–8. doi:10.
1055/S-0036-1597950

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 86559013

Pandey et al. Intranasal Delivery of Advanced-Delivery Tools

https://doi.org/10.1016/b978-0-12-812218-1.00010-5
https://doi.org/10.1016/b978-0-12-812218-1.00010-5
https://doi.org/10.1016/b978-0-12-819811-7.00011-4
https://doi.org/10.2174/187221111795471391
https://doi.org/10.1016/j.msec.2017.03.241
https://doi.org/10.3390/PHARMACEUTICS11030129
https://doi.org/10.1002/WPS.20522
https://doi.org/10.1166/jbn.2009.031
https://doi.org/10.1016/J.XPHS.2019.05.001
https://doi.org/10.1016/J.XPHS.2019.05.001
https://doi.org/10.1016/J.EJPS.2017.03.050
https://doi.org/10.1016/J.EJPS.2017.03.050
https://doi.org/10.2174/1567201816666191029122740
https://doi.org/10.1021/acs.molpharmaceut.5b00402
https://doi.org/10.1021/acs.molpharmaceut.5b00402
https://doi.org/10.1016/J.SCHRES.2016.11.027
https://doi.org/10.2174/1874467214666210120160016
https://doi.org/10.2174/1874467214666210120160016
https://doi.org/10.1039/C6RA17290C
https://doi.org/10.1080/08982104.2019.1610435
https://doi.org/10.1080/08982104.2019.1610435
https://doi.org/10.2174/1381612822666160401145951
https://doi.org/10.2174/1381612822666160401145951
https://doi.org/10.1038/s41598-017-18561-x
https://doi.org/10.1016/J.JCONREL.2018.08.006
https://doi.org/10.1016/J.JCONREL.2018.08.006
https://doi.org/10.1016/j.ijpharm.2020.119499
https://doi.org/10.1016/j.ijpharm.2020.119499
https://doi.org/10.1016/j.xphs.2021.01.021
https://doi.org/10.1016/j.xphs.2021.01.021
https://doi.org/10.1016/J.SCHRES.2016.02.014
https://doi.org/10.1016/J.SCHRES.2016.02.014
https://doi.org/10.1074/JBC.REV120.008207
https://doi.org/10.1152/JAPPLPHYSIOL.90376.2008
https://doi.org/10.1016/J.JCONREL.2020.12.050
https://doi.org/10.1016/J.JCONREL.2020.12.050
https://doi.org/10.1007/S00415-017-8394-2
https://doi.org/10.4155/TDE.10.37
https://doi.org/10.1038/s41398-020-00890-7
https://doi.org/10.1111/BPH.14774
https://doi.org/10.2500/ajra.2015.29.4149
https://doi.org/10.3390/POLYM9110617
https://doi.org/10.1007/S11095-007-9374-5
https://doi.org/10.3390/MOLECULES14093754
https://doi.org/10.3390/MOLECULES14093754
https://doi.org/10.1007/s40199-019-00281-4
https://doi.org/10.1007/s40199-019-00281-4
https://doi.org/10.3390/POLYM13081340
https://doi.org/10.2174/1389201019666180605125234
https://doi.org/10.1055/S-0036-1597950
https://doi.org/10.1055/S-0036-1597950
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Patel, V. R., and Agrawal, Y. K. (2011). Nanosuspension: An Approach to Enhance
Solubility of Drugs. J. Adv. Pharm. Technol. Res. 2, 81–87. doi:10.4103/2231-
4040.82950

Pokharkar, V., Suryawanshi, S., and Dhapte-Pawar, V. (2020). Exploring Micellar-
Based Polymeric Systems for Effective Nose-To-Brain Drug Delivery as
Potential Neurotherapeutics. Drug Deliv. Transl. Res. 10, 1019–1031. doi:10.
1007/S13346-019-00702-6

Prabhakaran, S., Ruff, I., and Bernstein, R. A. (2015). Acute Stroke Intervention: a
Systematic Review. JAMA 313, 1451–1462. doi:10.1001/JAMA.2015.3058

Quintanilla, M. E., Ezquer, F., Morales, P., Santapau, D., Berríos-Cárcamo, P.,
Ezquer, M., et al. (2019). Intranasal Mesenchymal Stem Cell Secretome
Administration Markedly Inhibits Alcohol and Nicotine Self-Administration
and Blocks Relapse-Intake: Mechanism and Translational Options. Stem Cel
Res. Ther. 10, 205. doi:10.1186/S13287-019-1304-Z

Radhakrishnan, D. M., and Goyal, V. (2018). Parkinson’s Disease: A Review.
Neurol. India 66, S26–S35. doi:10.4103/0028-3886.226451

Reinholz, J., Landfester, K., and Mailänder, V. (2018). The Challenges of Oral Drug
Delivery via Nanocarriers. Drug Deliv. 25, 1694–1705. doi:10.1080/10717544.
2018.1501119

Schrimpf, L. A., Aggarwal, A., and Lauriello, J. (2018). Psychosis. Continuum
(Minneap. Minn). 24, 845–860. doi:10.1212/CON.0000000000000602

Schroeter, J. D., Kimbell, J. S., and Asgharian, B. (2006). Analysis of Particle
Deposition in the Turbinate and Olfactory Regions Using a Human Nasal
Computational Fluid Dynamics Model. J. Aerosol Med. 19, 301–313. doi:10.
1089/JAM.2006.19.301

Shariare, M. H., Altamimi, M. A., Marzan, A. L., Tabassum, R., Jahan, B., Reza, H.
M., et al. (2019). In Vitro dissolution and Bioavailability Study of Furosemide
Nanosuspension Prepared Using Design of experiment (DoE). Saudi Pharm. J.
27, 96–105. doi:10.1016/J.JSPS.2018.09.002

Sherje, A. P., and Londhe, V. (2018). Development and Evaluation of pH-
Responsive Cyclodextrin-Based In Situ Gel of Paliperidone for Intranasal
Delivery. AAPS PharmSciTech 19, 384–394. doi:10.1208/S12249-017-0844-8

Shi, Y., Zhang, L., Gao, X., Zhang, J., Ben Abou, M., Liang, G., et al. (2020).
Intranasal Dantrolene as a Disease-Modifying Drug in Alzheimer 5XFADMice.
J. Alzheimers. Dis. 76, 1375–1389. doi:10.3233/JAD-200227

Stroup, T. S., and Gray, N. (2018). Management of Common Adverse Effects of
Antipsychotic Medications. World Psychiatry 17, 341–356. doi:10.1002/wps.
20567

Tang, S., Wang, A., Yan, X., Chu, L., Yang, X., Song, Y., et al. (2019). Brain-targeted
Intranasal Delivery of Dopamine with Borneol and Lactoferrin Co-modified
Nanoparticles for Treating Parkinson’s Disease. Drug Deliv. 26, 700–707.
doi:10.1080/10717544.2019.1636420

Tildy, B. E., and Rogers, D. F. (2015). Therapeutic Options for Hydrating Airway
Mucus in Cystic Fibrosis. Pharmacology 95, 117–132. doi:10.1159/000377638

Toyoda, H., Katagiri, A., Kato, T., and Sato, H. (2020). Intranasal Administration of
Rotenone Reduces GABAergic Inhibition in the Mouse Insular Cortex Leading
to Impairment of LTD and Conditioned Taste Aversion Memory. Int. J. Mol.
Sci. 22, 1–16. doi:10.3390/IJMS22010259

Upadhyay, P., Trivedi, J., Pundarikakshudu, K., and Sheth, N. (2017). Direct and
Enhanced Delivery of Nanoliposomes of Anti Schizophrenic Agent to the Brain

through Nasal Route. Saudi Pharm. J. 25, 346–358. doi:10.1016/J.JSPS.2016.
07.003

Upadhyay, R. K. (2014). Drug Delivery Systems, CNS protection, and the Blood
Brain Barrier. Biomed. Res. Int. 2014, 869269. doi:10.1155/2014/869269

Üstündağ Okur, N., Yozgatlı, V., Okur, M. E., Yoltaş, A., and Siafaka, P. I. (2019).
Improving Therapeutic Efficacy of Voriconazole against Fungal Keratitis:
Thermo-Sensitive In Situ Gels as Ophthalmic Drug Carriers. J. Drug Deliv.
Sci. Technology 49, 323–333. doi:10.1016/j.jddst.2018.12.005

Van Tellingen, O., Yetkin-Arik, B., De Gooijer, M. C., Wesseling, P.,Wurdinger, T.,
and De Vries, H. E. (2015). Overcoming the Blood-Brain Tumor Barrier for
Effective Glioblastoma Treatment. Drug Resist. Updat. 19, 1–12. doi:10.1016/J.
DRUP.2015.02.002

Wang, J., Zhang, Y., Zhang, M., Sun, S., Zhong, Y., Han, L., et al. (2022).
Feasibility of Catalpol Intranasal Administration and its Protective Effect
on Acute Cerebral Ischemia in Rats via Anti-oxidative and Anti-apoptotic
Mechanisms. Drug Des. Devel. Ther. 16, 279–296. doi:10.2147/DDDT.
S343928

Wang, Z., Xiong, G., Tsang, W. C., Schätzlein, A. G., and Uchegbu, I. F. (2019).
Nose-to-Brain Delivery. J. Pharmacol. Exp. Ther. 370, 593–601. doi:10.1124/
JPET.119.258152

Xie, H., Li, L., Sun, Y., Wang, Y., Gao, S., Tian, Y., et al. (2019). An Available
Strategy for Nasal Brain Transport of Nanocomposite Based on PAMAM
Dendrimers via In Situ Gel. Nanomaterials (Basel) 9, 147. doi:10.3390/
nano9020147

Xu, J., Tao, J., and Wang, J. (2020). Design and Application in Delivery System of
Intranasal Antidepressants. Front. Bioeng. Biotechnol. 8, 1450. doi:10.3389/
FBIOE.2020.626882/BIBTEX

Yasir, M., Sara, U. V. S., Chauhan, I., Gaur, P. K., Singh, A. P., Puri, D., et al. (2017).
Solid Lipid Nanoparticles for Nose to Brain Delivery of Donepezil:
Formulation, Optimization by Box–Behnken Design, In Vitro and In Vivo
Evaluation. Acta Pharmaceutica Sinica B 4, 454–463. doi:10.1016/j.apsb.2014.
10.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Pandey, Jain, Kanoujia, Hussain and Gorain. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 86559014

Pandey et al. Intranasal Delivery of Advanced-Delivery Tools

https://doi.org/10.4103/2231-4040.82950
https://doi.org/10.4103/2231-4040.82950
https://doi.org/10.1007/S13346-019-00702-6
https://doi.org/10.1007/S13346-019-00702-6
https://doi.org/10.1001/JAMA.2015.3058
https://doi.org/10.1186/S13287-019-1304-Z
https://doi.org/10.4103/0028-3886.226451
https://doi.org/10.1080/10717544.2018.1501119
https://doi.org/10.1080/10717544.2018.1501119
https://doi.org/10.1212/CON.0000000000000602
https://doi.org/10.1089/JAM.2006.19.301
https://doi.org/10.1089/JAM.2006.19.301
https://doi.org/10.1016/J.JSPS.2018.09.002
https://doi.org/10.1208/S12249-017-0844-8
https://doi.org/10.3233/JAD-200227
https://doi.org/10.1002/wps.20567
https://doi.org/10.1002/wps.20567
https://doi.org/10.1080/10717544.2019.1636420
https://doi.org/10.1159/000377638
https://doi.org/10.3390/IJMS22010259
https://doi.org/10.1016/J.JSPS.2016.07.003
https://doi.org/10.1016/J.JSPS.2016.07.003
https://doi.org/10.1155/2014/869269
https://doi.org/10.1016/j.jddst.2018.12.005
https://doi.org/10.1016/J.DRUP.2015.02.002
https://doi.org/10.1016/J.DRUP.2015.02.002
https://doi.org/10.2147/DDDT.S343928
https://doi.org/10.2147/DDDT.S343928
https://doi.org/10.1124/JPET.119.258152
https://doi.org/10.1124/JPET.119.258152
https://doi.org/10.3390/nano9020147
https://doi.org/10.3390/nano9020147
https://doi.org/10.3389/FBIOE.2020.626882/BIBTEX
https://doi.org/10.3389/FBIOE.2020.626882/BIBTEX
https://doi.org/10.1016/j.apsb.2014.10.005
https://doi.org/10.1016/j.apsb.2014.10.005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Advances and Challenges in Intranasal Delivery of Antipsychotic Agents Targeting the Central Nervous System
	Introduction
	Challenges Associated With Brain-Targeted Drug Delivery
	Blood–Brain Barrier in Resisting Permeation of Therapeutics to the Brain

	Intranasal Routes of Drug Delivery as a Potential Platform to Deliver Therapeutics to the Brain
	Mechanisms of Drug Transport Across the Nasal Epithelium

	Challenges of Delivering Therapeutics via the Intranasal Route
	Recent Advancement of Delivering Antipsychotics Using Intranasal Route
	Nanoemulsion Tool in Intranasal Delivery of Antipsychotics
	Nanoparticles in the Advancement of Intranasal Delivery of Antipsychotics
	Nanosuspension-Based Improved Delivery of Antipsychotics
	Advancement of Dendrimer-Based Delivery of Antipsychotics
	Gelling-Based Delivery Platform of Antipsychotics

	Clinical Studies of Treating Psychotic Disorder Using Intranasal Routes
	Conclusion
	Author Contributions
	Supplementary Material
	References


