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Abstract

NeuroAIDS refers to the spectrum of neuropsychiatric complications observed in approximately 30—-50%
of Human immunodeficiency virus (HIV)/Acquired immunodeficiency syndrome (AIDS) patients. Although the
advent of antiretroviral therapy has reduced the severity of AIDS, mild cognitive deficits persist in nearly half of
treated patients, highlighting limitations in central nervous system (CNS) drug delivery. These limitations are
attributed to poor blood-brain barrier (BBB) permeability, P-glycoprotein efflux, low solubility, first-pass
metabolism, and short half-lives of many antiretroviral (ART) drugs. Nose-to- brain drug delivery emerged as a
promising alternatives, by passing the BBB via olfactory and trigeminal pathways. This route offers direct CNS
access while minimizing systemic exposure. Factors such as drug molecular weight, lipophilicity, pH,
osmolality, viscosity, particle size, and surface charge significantly influence nasal drug absorption and brain
targeting. Approaches to optimize nose-to-brain delivery include the use of prodrugs, permeation enhancers,
mucoadhesive agents, enzyme inhibitors, and P-glycoprotein inhibitors. Despite encouraging preclinical data,
challenges remain, including mucociliary clearance, enzymatic degradation, and species-specific anatomical
variations that hinder translational research. A rational formulation design that considers physiological and
physiochemical barriers is essential for clinical success. Nanocarriers including nanovesicles, solid lipid
nanoparticles, and nanoemulsions offer several advantages: they protect drugs from enzymatic degradation,
improve solubility and stability, enable controlled release, and enhance mucoadhesion and uptake across the
nasal mucosa. Overall, intranasal delivery system, particularly those employing nanocarriers and functional
excipients, offer a novel and efficient approach to manage NeuroAIDS by enhancing ART bioavailability in
CNS and improving drug access to HIV reservoirs in the brain.
Keywords: Antiretroviral therapy (ART), Intranasal delivery, Nanocarrier, NeuroAIDS, Nose-to-brain delivery.

Introduction

Approximately  30-50% of individuals
diagnosed with AIDS develop neuropsychiatric
complications  collectively  referred to as
NeuroAIDS. In  certain  instances, these
complications manifest as impaired cognitive and
motor functions, as well as alterations in behavior
and mood. These clinical manifestations are
broadly categorized under the term HIV-associated
Neurocognitive Disorder (HAND) . According to

though only a small proportion of these individuals
advance to more severe HAND subtypes @. The
progression or onset of HAND may be further
aggravated by aging and commonly associated
comorbidities, such as substance abuse. A 2014
study also indicated that the patients diagnosed
with ANI were at a greater risk of developing mild
neurocognitive disorder (MND) or HIV- associated
dementia (HAD), compared to HIV-positive

the Frascati criteria ,HAND is roughly categorized
into three stages : asymptomatic neurocognitive
impairment (ANI), mild neurocognitive disorder
(MND), and HIV- associated dementia (HAD).
Although asymptomatic neurocognitive impairment
(ANI) does not present with overt symptoms. It
remains a significant concern due to its potential to
progress into more severe forms of HIV-associated
neurocognitive disorder (HAND).Mild cognitive
impairments are observed in approximately 50 %
of patients receiving antiretroviral therapy (ART),

individuals without cognitive decline®. Despite the
widespread  implementation of combination
antiretroviral therapy (CART) over the past two
decades, the overall prevalence of HAND has
remained relatively stable;however , the severity of
neurocognitive impairment has notably
decreased.Even with effective ART, milder forms
of HAND can persist in some individuals,
suggesting mechanisms beyond viral replication,
such as chronic inflammation or comorbidities“9).
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In addition, certain ART drugs, such as efavirenz,
may cause neuropsychiatric side effects or
exacerbate cognitive issues © .
Search methodology

An extensive literature search was done to
give the relevant studies to be used in this review.
The following electronic databases were used:
PubMed, Scopus, Web of Science, and Google
Scholar. The search strategy used a mix of the
following keywords: intranasal drug delivery, nose-
to-brain delivery, nanocarriers, antiretroviral drugs.
Articles published between 2010 and 2025 were
included to make sure that the latest developments
were covered. Inclusion criteria included original
research articles, review papers, preclinical /clinical
studies that were centered on nasal delivery
systems to the brain. The exclusion criteria were
the publication in languages other than English, the
research which was not related to nose-to-brain
delivery, or the research lacked enough
methodological description or pharmacokinetic
data. This systematic search strategy enabled a
systematic review of the existing strategies and
technologies in intranasal nanocarriers -mediated
brain drug delivery.
Pathophysiological
Underlying NeuroAIDS

HIV may invade the brain of the infected
individuals at an early stage through a "Trojan
horse™ mechanism, by overcoming the blood-brain
barrier (BBB) by infecting lymphocytes and
monocytes ). A number of studies have also
shown that free forms of the virus can also traverse
the BBB, thus accessing the central nervous system
(CNS) and infecting the macrophages and
microglia. Significant neurodegenerative
alterations are primarily observed in the basal
ganglia, brainstem, and deep white matter of the
CNS. The monocyte and macrophages activated by
HIV entry release cytokines such as TNF-o and IL-
1B, along with chemokines. These substances, in
conjunction with HIV-encoded proteins (including
gpl120, Vpr, and TAT),exert cytotoxic effects on
neurons,  astrocytes, and  Schwan cells.
Consequently, this lead to a decrease in the
viability of neural cells, manifesting as retraction of
neural processes ®9), HIV-associated
neurocognitive disorders persist as a common
complication of HIV infection, affecting
approximately half of the HIV -diagnosed patients.
During the early stages of infection, the central
nervous system is potentially infiltrated by HIV-
infected CD4+ T cells and monocytes, serving as
primary mediators of viral entry into the CNS 19,

Mechanisms
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Role of Conventional Anti-HIV

Drugs for NeuroAIDS

Most antiretroviral (ARV) drugs used to
treat HIV are given orally in the form of tablets,
capsules, or liquids. The administration of either a
single antiretroviral (ARV) drug or a combination
of multiple ARVs forms the foundation of highly
active antiretroviral therapy (HAART).HAART has
been extensively utilized to suppress the
progression of AIDS, significantly improving
survival rates among individuals diagnosed with
the disease. The primary challenges associated with
orally administered highly active antiretroviral
therapy (HAART) include poor patient adherence
due to complex dosing regimen 9. Additionally,
the continuous mutation rate of HIV contributes to
the emergence of multidrug resistance (MDR),
reducing the effectiveness of treatment. The tight
junction and selective permeability of the BBB
further restrict the penetration of ARV drugs into
the CNS, limiting therapeutic access to HIV
reservoirs within the brain @2, As summarized in
Table 1, a significant proportion of anti-HIV drugs
exhibit low aqueous solubility, extensive hepatic
first-pass metabolism, and predictable
gastrointestinal degradation, posing additional
barriers to successful drug delivery to the CNS @9,
Furthermore, certain ARV agents, such as indinavir
and ritonavir, serve as substrates for P-glycoprotein
(P-gp) efflux transporters, which actively remove
these drugs from CNS compartments, thereby
preventing the attainment of effective therapeutic
concentrations in the brain % Additionally, the
short half-lives of drugs such as zidovudine (AZT)
and saquinavir (SQV), along with decreased
residence time, can lead to sub-therapeutic drug
levels in the affected area . ARVs that are highly
bound to plasma proteins (e.g., albumin) may have
reduced free drug concentrations available to cross
the BBB, as only the unbound fraction can pass
into the CNS. A significant number of ARV
medications such as nevirapine, ritonavir,
lopinavir, nelfinavir, and efavirenz are highly
binding to plasma protein such as alpha-1-acid
glycoprotein and albumin @810, This is the reason
why these ARVs might fail to attain satisfactory
therapeutic levels in the brain regions. The
combination of these factors complicates the
achievement of adequate ARV levels in the CNS,
which is especially significant in the management
of HIV-associated neurocognitive disorders, as
well as eradication of HIV reservoirs in the brain.
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Table 1. Physicochemical Properties and CNS Penetration of common Antiretroviral Drugs 820

Drug MW logP Aqgueous CNS notes
(g/mol) solubility
(mg/ml)
Zidovudine 267.24 0.05 10 Detectable CSF; modest brain tissue levels;
(AZT) CSF/plasma
Dolutegravir 419.4 2.2 0.095 High plasma protein binding; low CSF:plasma ratios;
(DTG) limited free CNS exposure
Efavirenz 315.68 4.6 <0.001) Low CSF but brain accumulation; associated
(EFV) neuropsychiatric AEs
Lamivudine 230.26 -1.4 ~70 Detectable CSF; good penetration relative to many
(3TC) ARVs but low brain tissue accumulation vs. target
cells
Lopinavir 628.8 1.92 4.69 Poor CNS penetration; high protein binding and P-gp
(LPV) efflux limit brain exposure
Atazanavir 704.9 411 0.003 Poor brain penetration; highly lipophilic protease
(ATV) inhibitor
Nose to Brain Delivery for vascularized, hence well suited for the systemic

Management of NeuroAIDS

Intranasal drug delivery is an exciting
method of administration that can circumvent the
blood brain barrier enabling medications to reach

brain tissues directly, providing a reliable
alternative to oral and parenteral delivery routes.
The nasal mucosa has been extensively

investigated as an appropriate site for drug
administration, providing numerous benefits over
the oral route, including a large blood supply, lack
of hepatic first-pass metabolism, and convenient
administration @22, It was shown that delivery of
efavirenz by Intranasal administration offers the
potential to bypass first pass metabolism, allowing
direct transport of the drug from nose to brain via
olfactory and trigeminal pathways. This targeted
delivery can increase CNS bioavailability while
minimizing systemic exposure, thereby reducing
the risk of neuropsychiatric adverse effects at doses
significantly lower than oral dosing. Intranasal
nano formulations further enhance drug
bioavailability to the CNS by safeguarding the drug
from chemical and enzymatic degradation. A
diverse range of therapeutic agents can be delivered
intranasally for systemic or CNS effects. The
development of advanced drug delivery strategies
for the treatment of life-threatening HIV infections
holds the potential to protect the brain from
NeuroAIDS and improve the overall socio-
economic well-being of HIV patients ).
To understand the nose-to-brain drug delivery
route, it is essential to explore the key pathways
that facilitate drug transport from the nasal cavity
to the brain ( Figure 1) . The primary pathways
involved in nose-to-brain targeting include
A-Systemic pathway (indirect pathway)

The nasal respiratory epithelium covers up
to 90% of the nasal cavity in humans and is highly
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absorption of drugs. While this route may be
affected by the blood-brain barrier (BBB), certain
nano formulations could improve CNS penetration.
Shah et al. successfully developed solid lipid
nanoparticles (SLNs) loaded with Zidovudine and
assessed their potential for brain-targeted delivery.
The area under the curve and mean residence time
of zidovudine -SLNs were found to be 1.27-fold
and 1.83-fold higher, respectively, compared to the
Zidovudine solution, suggesting enhanced ability
of the SLNs to cross the blood-brain barrier ¢4,

B-Lymphatic pathway

Drugs could also be transported from
lymphatic  channels  originating from the
submucosal region of the olfactory area. These
extracellular routes are associated with olfactory
nerves that extend from the lamina propria of the
olfactory epithelium to the olfactory bulb in the
brain. Furthermore, the elimination of a drug can
occur from the olfactory submucosa through
olfactory blood or lymphatic vessels, ultimately
reaching the deep cervical lymph nodes located in
the neck. Furubayashi et al. (2021) showed that
intranasally administered drugs are absorbed into
nasal lymphatic capillaries and transported to
cervical lymph nodes 9.

Neuronal pathway

The neuronal pathway involves drug
transport along the olfactory and trigeminal (CN
nerves that innervate the olfactory epithelium in the
nasal cavity, where molecules enter through the
nasal mucosa, travel via axonal transport, and reach
the olfactory bulb, brainstem, or other CNS
regions. Thorne et al proved that the insulin-like
growth factor-1 (IGF-1) given intranasally readily
reached the brain through the trigeminal neuronal
pathway. Comparatively, the intra-neuronal
transport mechanism, which is based on axonal
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movement, is by far slower and can take hours to
days before the drug can reach various parts of the
brain @9,

Extraneuronal pathway

Non-Neuronal transport for nose-to-brain
drug delivery involves extracellular mechanisms
that bypass neuronal axonal transport, primarily
utilizing perivascular, perineural, and lymphatic
pathways to facilitate drug movement into the
central nervous system (CNS). The perivascular

Intranasal Antiretroviral Delivery for NeuroAIDS

pathway enables drug diffusion through spaces
surrounding blood vessels, allowing molecules to
reach cerebrospinal fluid (CSF) and brain
parenchyma. The perineural pathway involves
transport along the extracellular spaces surrounding
the olfactory and trigeminal nerves, enabling drug
movement without direct intracellular uptake. By
this pathway, the active compound can reach brain
directly within just a few minutes @7,
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Figure 1. Schematic representation of the pathways involved in nose-to-brain drug delivery

Factors Affecting Nose to Brain

Delivery

1- Physiological factors

a- Mucociliary Clearance:

The nasal mucosa contains an integrated system of
cilia and mucus, which constitutes the mucociliary
clearance (MCC) mechanism. It considered the first
line of defense mechanism that prevent harmful
particles from entering the nose. The average rate
of nasal mucociliary clearance rate is ranging
between 10 and 20 minutes. Facilitating the rapid
elimination of nasally administered drugs (liquid
dosage forms). Consequently, this rapid elimination
decreases the residence time of medications in
nasal cavity, thereby limiting their therapeutic
effectiveness (2829,

b-Enzymatic degradation

The nasal cavity contains a range of metabolic
enzymes such as cytochrome P450, proteases, and
esterases that can break down drug molecules
before they are absorbed into the bloodstream. This
enzymatic activity can greatly reduce the
availability of certain drugs, especially peptides
and proteins, since they are particularly vulnerable
to degradation®?, At the same time, these enzymes
may play an even more important role when drugs
are intended for brain delivery. This is because the
olfactory region lacks effective mucociliary
clearance, and drugs tend to permeate more slowly
from this area into the brain.
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P-glycoprotein efflux transporters

It should be noted that P-glycoprotein (P-
gp) is expressed regionally in the nose, where it is
expressed more in the olfactory mucosa. Research
by Kandimalla and Donovan revealed that P-gp is
concentrated in the epithelial cells, the nasal glands
and in the vascular endothelium of the bovine
olfactory glands and the nasal respiratory mucosae
@1, Further, P-gp is quite important in limiting the
nose-to-brain delivery of a number of drugs
including quinidine, which has an impact on drug
bioavailability and location in the CNS system ©2),
These results emphasize the functional importance
of P-gp in regulating drug permeability across the
nasal epithelium.

The physical and chemical properties of the drug

The absorption rate across the nasal
epithelium is influenced by both the molecular
weight and lipophilicity of the drug. Generally, the
small compounds with molecular weights not
exceeding 300 Dalton can easily penetrate the nasal
epithelium and are readily absorbed, irrespective of
lipophilic nature. Lipophilic compounds are
passively diffused through nasal epithelium when
their molecular weights between 300 and 1000
Dalton. The low molecular weight and high
lipophilicity of some medications make them easily
permeable through nasal epithelium, which
increases  absorption, and the increased
bioavailability of the drug in the brain after
intranasal delivery. The absorption efficiency
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however, drops drastically when the molecular
weights go above 1000 Da. Hydrophilic drugs
(smaller than 1000 Da) can penetrate cerebral
spinal fluid more quickly than lipophilic drugs
because they are not as susceptible to being
transported by neurons and supporting cells of the
olfactory  epithelium after nasal delivery.
Conversely, polar macromolecules (above 1000
Da), including proteins and peptides, exhibit low
bioavailability, and are mainly absorbed by
endocytosis®.

Solubility

Solubility is an important physiochemical
property that significantly affects nasal drug
absorption. As nasal secretions are more watery in
nature, a drug must first dissolve in nasal secretions
before it can be absorbed through the mucosa.
Highly water-soluble drugs dissolve easily but may
face challenges penetrating the lipophilic epithelial
membrane, while poorly soluble drugs may
struggle to dissolve, reducing their bioavailability.
The balance between aqueous solubility and
lipophilicity is essential for effective absorption.
However, for drugs with low water solubility,
carriers such as cyclodextrins®4
,microemulsions®, and nanostructured lipid
carriers®® can be utilized as drug delivery system
to enhance solubility and ensure optimum nasal

absorption.
Considering these physiochemical constraints,
several characteristics define an ideal drug

candidate for nose-to-brain delivery

1-Molecular weight < 1000 Da 7).

2-Moderate lipophilicity ( Log P 1-3) to ensure
optimal permeability ©®.

3-Adequate aqueous solubility for dissolution in
nasal secretions.

4-Low effective dose, typically < 25 mg per
administration, due to the limited nasal cavity
volume( ~ 150-200 pL per nostril) €9,

5-Non irritating nature of the drug and formulation
constituents (excipient, preservative, absorption
enhancer)

These characteristics not only determine absorption
efficiency but also serve as essential selection
criteria for identifying the optimum requirement for
nose to brain delivery.

Formulation Factors
pH

Physiological pH of nasal mucosa is
estimated as 4.5-6.5, and it is imperative that nasal
preparations are adjusted to be near this level to
minimize mucosal irritation, and enhance drug
absorption “9, The change in this physiological pH
can lead to the discomfort and destruction of the
mucous membrane and loss of therapeutic effect.
The pH of the formulation also influences drug
permeation across the nasal epithelium as the
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ionization can influence the ionization state of the
drug. Therefore, pH optimization is a key aspect of
nasal formulation development, which directly
affects the efficacy of drugs, their compliance, and
overall stability of products “

Osmolality

Nasal formulations should be designed to
maintain an osmolality in the range of
approximately 290-500 mOsm/kg in order to
achieve isotonicity and ensure compatibility with
the nasal mucosa. Hypertonic and hypotonic
preparations may disrupt normal ciliary activity,
which may decrease the effectiveness of drug
uptake. Glycerin, sodium chloride and glucose may
be added to the nasal preparations to achieve
isotonicity. Properly adjusted tonicity ensures
effective drug delivery while minimizing adverse
effects on the nasal mucosa “2) .

Viscosity

Viscosity is an important formulation
parameter in nasal formulations that affects drug
retention, mucociliary clearance and general drug
absorption. The viscosity of the formulation
increases the time of contact between the drug and
the nasal mucosa, which may result in an increase
in permeation and absorption. Unfortunately,
highly viscous formulations could interfere with
ciliary beating or mucociliary clearance and thus
alter permeability of drugs ©3.By carefully
optimizing viscosity, nasal drug formulations can
achieve a balance between prolonged retention and
efficient clearance, ensuring effective drug delivery
and patient compliance “4.

Particle size

Particles that are in the nanometer size range
(typically below 100 nm) are especially
advantageous for nose-to-brain delivery due to
their ability to bypass the blood-brain barrier
through the olfactory and trigeminal pathways
whereas moderately larger particles (approximately
100-500 nm) are more efficiently taken up into the
lymphatic system and transported to cervical lymph
nodes via extraneuronal pathways. “>46), These fine
particles are also more likely to be taken up by
olfactory sensory neurons, which transport them
directly to the central nervous system, thus
enhancing brain bioavailability. It has been
reported that polystyrene particles with a diameter
of 100 nm, coated with chitosan or polysorbate 80,
exhibited greater accessibility to the olfactory
mucosa compared to larger- sized particles (200
nm) @7, Ahmad et al. developed nanoemulsions
(NE) of varying sizes, labeled with different
fluorescent markers, and investigated their brain
biodistribution following intranasal administration.
The study found that NEs with a particle size less
than 100 nm demonstrated an extended residence
time in the nasal epithelium and a slower rate of
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mucociliary clearance in comparison to larger
nanoparticles (200, 500, and 900 nm) “®. Thus,
controlling the particle size is critical in optimizing
nose-to-brain drug delivery, ensuring efficient drug
targeting, prolonging retention in the nasal cavity,
and maximizing therapeutic efficacy in the brain.
Surface charge of nanocarriers

The net negative charge of the mucosa of
the nose is attributed to the sialic acid residues of
mucins. Consequently, more electrostatically
positive (cationic) nanoparticles have a greater
affinity to the mucosal surface, resulting in stronger
adhesion, longer retention, and increased drug
absorption “9), Cationic polysaccharide polymers
such as chitosan have been widely applied to coat
different nanocarriers, improving their
mucoadhesive properties and facilitating transport
of drug across the nasal epithelium ©9. Several
studies have demonstrated that nanocarriers can

Intranasal Antiretroviral Delivery for NeuroAIDS

reach brain  regions following intranasal
administration, regardless of their surface charge.
A. Bonaccorso et al. investigated the effect of
surface charge on the nose-to-brain delivery of
nanoparticles. Fluorescent imaging of both
positively (chitosan) and negatively charged
nanoparticles (PLGA nanoparticles) demonstrated
their transport into different brain regions, with a
residence time of up to 48 hours following
intranasal administration ©Y. Another study by
Takumi et al. studied the influence of surface
charge on the localization of nanocarriers in
different brain regions. The findings revealed that
positively charged liposomes exhibited greater
distribution in the olfactory bulb and forebrain,
whereas negatively charged liposomes were more
predominantly distributed in the hindbrain and
bulbospinal tract ¢,
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Figure 2. Key factors influencing nose-to-brain drug delivery.

Challenges Associated with Nose to
Brain Delivery

1-There are several challenges associated with
nasal drug delivery, including physiological factors
such as mucociliary clearance and enzymatic
degradation; physicochemical properties such as
extreme pH, low solubility, and large molecular
weight; and formulation-related factors such as low
viscosity or hypotonic/hypertonic solutions. These
factors must be carefully considered when
optimizing nasal formulations for effective brain
targeting 359,

2- Safety is an important factor in the design and
development of effective nasal drug delivery
systems. It is important to evaluate not only the
safety profile of the active pharmaceutical
ingredient (API) but also that of the excipients
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included in the formulation, as some may introduce
potential risks. For example, benzalkonium
chloride, although widely used as a preservative,
has been reported to impair ciliary function, which
may lead to toxicity in a dose and time dependent
manner @59 | ikewise, while penetration
enhancers can improve drug absorption, they may
compromise the integrity of the nasal epithelium,
potentially resulting in undesirable adverse effects.
In addition, some excipients such as lectins have
been linked to cytotoxicity and the induction of
oxidative stress in mammalian cells. To address
these concerns, a range of naturally derived
compounds including bile salts, medium chain fatty
acids, phospholipids, poloxamers, and saponins
have been explored as alternative permeation
enhancers due to their relatively favorable safety
profiles. Furthermore, the use of excipients
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classified as Generally Recognized As Safe
(GRAS) has been proposed as a strategy to enhance
mucosal permeability while minimizing epithelial
damage.These approaches highlight the ongoing
effort to achieve an optimal balance between
formulation  efficacy and  biocompatibility.
However, they also emphasize the importance of
conducting thorough toxicological assessments,
particularly for intranasal nanoparticle-based drug
delivery systems, to ensure both safety and long-
term tolerability ©®.

3-Anatomical and Physiological Variations of the
Nasal Cavity Across Animal Models

Anatomical variations of the nasal cavity across
animal models significantly influence drug
absorption, transport pathways, and the overall
efficiency of nose to brain delivery. These
interspecies differences present notable challenges
when attempting to extrapolate preclinical findings
to humans, particularly in the development of
intranasal formulations for clinical application ©5).,
Differences in nasal cavity size, olfactory surface
area, and overall nasal geometry can affect both the
volume of formulation that can be administered and
the efficiency of drug deposition. Rodent models

Intranasal Antiretroviral Delivery for NeuroAIDS

have provided comprehensive understandings into
the brain to blood distribution of antiretroviral
drugs (ARVs) following intranasal administration.
However, anatomical differences between rodents
and humans limit direct translational applicability.
For example, rats possess relatively large olfactory
regions but can accommodate only small dosing
volumes, necessitating highly  concentrated
formulations. In contrast, humans have smaller
olfactory regions but allow for the administration
of larger volumes, resulting in distinct deposition
and absorption patterns. Despite the anatomical
differences between rodents, such as rats and mice,
and humans (Table 2), these animals are widely
employed in in vivo studies owing to several key
advantages. The primary reasons for their
widespread use in research include their cost
effectiveness, ease of handling, and the extensive
body of scientific data available on their biology
and physiology. Rabbits and monkeys have
olfactory regions that are similar to those in
humans. However, their high cost and may restrict
their broader application in research. The volume
that can be delivered per nostril also varies
depending on the animal species ®7.

Table 2. Comparative anatomical differences in the nasal cavity between humans and animal models

Volume of
administration

Species Olfactory surface

area

Implications for Drug Delivery

Human 10 cm? ~ 200 pl

Moderate nasal volume enables practical dosing; most
clinically relevant reference for intranasal delivery.

Rat 30-40 cm? 40-50 pl

Limited dosing volume necessitates highly
concentrated  formulations;  widely used for
mechanistic and proof-of-concept studies despite
translational limitations.

Monkey 8-10 cm? ~ 58 uL

Anatomical features and olfactory region distribution
closer to humans; suitable for translational preclinical
evaluation.

Dog 150 cm? ~ 207 ul

Large olfactory surface and dosing capacity allow
higher drug administration; less representative of
human anatomy but useful for safety/toxicology
studies.

Rabbit 10-15 cm? ~58 uL

Small olfactory surface but moderate volume; suitable
for  preliminary  screening, though limited
comparability to human intranasal physiology.

Strategies for effective nose to brain targeting
Several strategies have been developed to
overcome the challenges associated with nose-to-
brain drug delivery, including the use of prodrugs,
mucoadhesive and in situ gels, use of permeation
enhancers and application of nanocarriers
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Figure 3. Strategies for brain targeting
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Prodrug

A prodrug is a chemically modified inactive
form of a drug that is converted into its active form
within the body. For nose-to-brain delivery,
prodrugs are designed to enhance solubility,
stability, permeability, and targeting efficiency for
improved transport across the nasal mucosa.
Curcumin, known for its antioxidant and anticancer
properties, has been formulated as an ester-based
prodrug and administered via the nasal route for
targeted brain delivery. Due to its extensive liver
metabolism, and its high lipophilicity, the systemic
bioavailability of curcumin is significantly limited,
with less than 0.1% of the administered dose
reaching the brain. However, upon reaching the
olfactory region, the designed prodrug undergoes
enzymatic hydrolysis mediated by local esterases
(carboxylesterases) to its active parent compound,
which can readily diffuse into brain tissue,
enhancing its therapeutic effectiveness ©9),
Zidovudine (AZT), a nucleoside/nucleotide reverse
transcriptase inhibitor (NRTI), is commonly used
in the treatment of HIV. However, antiretroviral
drugs like AZT often fail to achieve therapeutic
concentrations in the central nervous system
(CNS), primarily due to their role as substrates for
active  efflux  transporters  (AETs). These
transporters are expressed on the membranes of
lymphocytes, macrophages, and the cells forming
the blood-brain barrier (BBB). To overcome this
limitation, AZT <can be conjugated with
ursodeoxycholic acid (UDCA) to form a prodrug,
U-AZT. This modification allows the prodrug to
bypass the efflux transporter systems, enabling it to
more effectively permeate and accumulate in
murine macrophages, exhibiting an uptake
efficiency that is twenty times greater than that of
AZT ),

Permeation enhancer

Permeation enhancers have been
investigated to enhance the absorption of high
molecular weight drugs , particularly peptides and
proteins, as well as small molecules with poor
permeability across biological barriers such as the
BBB.The  suggested  mechanisms  involve
increasing membrane fluidity and tight junction
permeability, creation of temporary aqueous pores,
and reducing both viscosity and enzymatic activity
in the nasal cavity. Permeation enhancers used in
intranasal (IN) drug delivery such as cyclodextrins,
emulsifiers, plant derived compound (saponins),
sodium deoxycholate, Ethanol and fatty acids 9.
Lauroylcholine chloride (LCC), a cationic
surfactant, facilitates the efficient delivery of
domperidone from the olfactory region to the brain
in rats, likely via direct nose-to-brain transport
rather than through systemic circulation ©9,
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Mucoadhesive agents

Mucoadhesive agents, such as chitosan,
poloxamer, carbopol, and hyaluronic acid, have
been utilized to enhance nose-to-brain drug
delivery 6289 These agents interact with the nasal
mucus, thereby extending the drug's residence time
within the nasal cavity and promoting greater
absorption.  Furthermore, mucoadhesive can
improve mucosal permeability by facilitating the
fluidization of the mucosal membrane. Trimethyl
chitosan complexes successfully enhanced the
nose-to-brain delivery of insulin in rats 9. A
group of researchers successfully developed a nose-
to-brain delivery system using an HA-FGL
conjugate. Fluorescence images of dissected brains
showed the accumulation of the FGL compound in
the rat brain even 6 hours after intranasal
administration €7,

Enzyme inhibitors for nose to brain delivery

Inhibiting enzymatic activity within the
nasal cavity using enzyme inhibitors can decrease
nasal metabolism, thereby extend drug stability and
enhance absorption, ultimately leading to improved
bioavailability.  Various enzyme inhibitors
commonly employed for this purpose include a-
aminoboronic  acid  derivatives, boroleucine,
fluvoxamine, and phospholipids ¢,

P-glycoprotein inhibitors

To enhance nose-to-brain drug delivery,
inhibition of P-glycoprotein (P-gp) has been
proposed as a strategy to overcome the efflux
mechanism, thereby facilitating greater drug
absorption and retention within the brain. P-gp
inhibitors function by binding to the transporter and
preventing the active extrusion of drugs, which
increases permeability and enhances central
nervous system (CNS) drug concentrations. This
approach has been widely used for the delivery of
therapeutic agents in the management of
neurological disorders such as Alzheimer’s disease,
Parkinson’s disease, brain tumors and neuroAIDS.
Commonly studied P-gp inhibitors include
medicinal agents such as verapamil, cyclosporine
A, quinidine, tariquidar, and elacridar ©®, while
excipients and surfactants such as polysorbates,
Cremophor EL, and Labrasol have also been used
for similar purposes ). Despite these promising
outcomes, systemic inhibition of P-gp poses
significant safety concerns. The coadministration
of verapamil has been associated with relevant drug
drug interactions, particularly with antiretroviral
therapies (ARVs), which may alter
pharmacokinetics and increase the risk of adverse
effects. To reduce the outcome of these risks,
nanocarrier based systems have been developed to
enable localized P-gp modulation at the nasal
epithelium or the blood brain barrier, thereby
minimizing systemic exposure and reducing the
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likelihood of interactions. It was shown that
peptide functionalized nanoparticles were capable
of delivering small interfering RNA (siRNA) to the
brain, effectively silencing P-gp expression 9,
Collectively, these findings emphasize the
importance of balancing efficacy with safety when
employing P-gp inhibition strategies for nose to
brain drug delivery.

Nanocarriers for Effective Nose to

Brain Drug Delivery

Despite progress in the development of
nasal drug delivery systems, the targeted delivery
of drugs with poor physiochemical and
biopharmaceutical properties to the brain is still
challenging. These include high enzymatic
degradation, being a substrate for efflux pumps,
low solubility and poor permeability. Hence, an
appropriate carrier is required to enhance the drug
delivery to the brain regions while maintaining the
nasal  epithelium  structure and  function.
Nanocarrier systems have recently emerged as a
potential strategy to enhance nose to brain delivery
of neurotherapeutics. Nanocarrier-based systems,
with a diameter in 10-1000 nm, have several
advantages. These systems can prevent chemical
and enzymatic degradation of the drugs they
encapsulate, improving drug stability and efficacy.
They also enhance the water solubility of poorly
soluble drugs and prolong their residence time in
the nasal cavity, which may enhance drug
absorption and bioavailability. An additional
advantage of nanocarriers is sustained drug release,
which can help maintain a desired level of drug
release for an extended time. Furthermore, the
targeting ability to specific brain regions by the
surface modification of nanocarriers with particular
ligands helps in reducing drug leakage to non
targeted regions and the systemic side effects.
Different types of nanocarriers have been widely
investigated for nose to brain delivery such as
Lipid based nanocarriers ( SLNs and NLCs),

Nanosuspension, Dendrimers and Nanoemulsions
(70-72)

Nanovesicle

Nanovesicles, such as liposomes,
transferosome, solusome, spanlastic and ethosome,
are excellent carriers for nose to brain delivery.
Solusomes are nanovesicular systems composed of
non-ionic surfactant and cholesterol, designed to
improve drug stability and enhance mucosal
permeation. Spanlastics are elastic nanovesicles
formulated using nonionic surfactants and edge
activators, which impart flexibility to the vesicle
bilayers, allowing improved nasal absorption and
drug targeting to the brain 379, A liposome is a
spherical vesicle composed of one or more
phospholipids bilayers that enclose aqueous core. A
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study conducted by Raju Saka et al. investigated
the potential of liposomal formulations for nasal
delivery of Imatinib Mesylate to the brain. The
researchers developed Imatinib Mesylate loaded
liposomes with a particle size of less than 150 nm,
ensuring  efficient transport.These  liposomes
exhibited a sustained drug release profile lasting up
to 96 hours. Furthermore, in vivo experiments
demonstrated a significant enhancement in brain
drug deposition from the liposomal formulation
compared to the pure drug solution, as evidenced
by the higher area under the curve (AUC) values
(™), The addition of mucoadhesive agent such as
xanthan gum to liposomal formulations offers
several advantages by enhancing mucoadhesion,
drug retention, and controlled release, thereby
improving brain drug targeting .

Transferosomes are an advanced derivative of
liposomes, unlike  conventional  liposomes,
transferosomes are ultra-deformable vesicles that
can squeeze through narrow biological barriers,
including the skin, nasal mucosa, and blood-brain
barrier (BBB). Ofloxacin drug was encapsulated in
transferosomes and assessed for its ability to target
the brain. The transfersomal formulations were
prepared using a thin film hydration technique.
Pharmacokinetic results revealed that after 30
minutes of drug administration, the brain-to-blood
ratios of Ofloxacin were 0.305 for the intravenous
solution, 0.579 for the intranasal solution, and
1.858 for the intranasal ofloxacin loaded
transferosome loaded in an in situ gel. The
significantly higher brain uptake observed with the
transfersomal formulation suggests its potential for
effective brain targeting and therapeutic application
in the treatment of meningitis ".0One of the
derivatives of liposomes is ethosome , a novel
nanovesicles containing a high content of ethanol
and phospholipid. The ethosome based formulation
has shown significantly greater penetration and
release rates through the nasal cavity compared to
liposomes. Group of researchers were developed
nanoethosome formulations for delivery of
eletriptan hydrobromide to the brain. The
researchers developed an eletriptan incorporated
ethosome containing ethanol, soya lecithin, and
cholesterol. The in vitro drug release from the
optimized ethosomal formulation was nearly 100%
after 24 hours of initiating the study.
Histopathological examination of the nasal mucosa
verified the safety of the ethosomal formulation.
The eletriptan-loaded ethosomal gel has potential
as a more efficient brain-targeting when
administered via the intranasal route ('®),

Nanoemulsion

Nanoemulsion is a thermodynamically
stable and optically isotropic liquid system
consisting of water, oil, and an amphiphilic
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surfactant, often supplemented by a co-surfactant to
enhance its properties. The o/w (oil-in-water) type
nanoemulsions are particularly well-suited for
brain-targeted drug delivery systems due to their
small size, lipophilicity, and ability to efficiently
cross the blood-brain barrier (BBB). Patel and
colleagues developed an o/w nanoemulsion using
Capmul as oil to facilitate the brain delivery of the
antiepileptic drug (topiramate). A 2:1 ratio of
surfactant (Tween 20) and co surfactant (Carbitol)
were used to prepare topiramate loaded
nanoemulsion.  The resulting  nanoemulsion
exhibited a mean droplet size of approximately
4.73 nm and an optimal polydispersity index value
of less than 0.3. Pharmacokinetic studies in Wistar
albino rats revealed improved bioavailability and
significant brain uptake of the encapsulated drug

compared to the oral nanoemulsion formulation
(79,80)

Anroop B. Nairal. developed nanoemulsion system
for brain delivery of dolutegravir. The formulated
nanoemulsion incorporating dolutegravir exhibited
a mean droplet diameter of 103 nm and
demonstrated a sustained release profile. Intranasal
administration of the selected formulation resulted
in greater Cmax (~six-fold) and AUC (~five-fold),
in the brain regions compared to intravenous
administration. These results suggest that the in situ
gel nanoemulsion of dolutegravir holds potential as

an effective strategy for NeuroAIDS management
(1)

Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) consist of a
solid lipid core surrounded by a surfactant layer,
which act as a barrier between lipid core and the
surrounding aqueous medium. The unique
structural organization of SLNs help shields the
encapsulated drug molecules from metabolic
activity of enzymes within the nasal mucosa while
also enabling a more sustained and controlled
release profile. SLNs have emerged as a promising
drug delivery system for nose to brain due to their
ability to circumvent blood brain barrier (BBB).
SLNs have gained increasing attention in
management brain  tumor. Doxorubicin, a
hydrophilic anticancer drug, is unable to penetrate
the blood-brain barrier (BBB) and is associated
with  significant  systemic  toxicity = when
administered by conventional route. These
limitations can pose considerable therapeutic
challenges in achieving therapeutic level in the
brain. A study demonstrated the successful
incorporation of doxorubicin into solid lipid
nanoparticles using lipid (stearic acid), surfactant (
Epikuron 200), and cosurfactant ( taurocholate
sodium). Following intravenous administration in
rats, the SLN-modified doxorubicin exhibited
reduced drug accumulation in the liver, heart, and
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kidneys, while achieving a higher concentration in
the brain tissue. This enhanced brain targeting was
attributed to the ability of SLNs to evade the
reticuloendothelial system (RES), in contrast to
free drug ®2. Numerous investigations have been
carried out to assess the efficacy of SLNs in the
management of neurological disorder. Haloperidol
is an antipsychotic medication commonly utilized
for the management of psychiatric disorders such
as schizophrenia. A major challenge associated
with its oral administration is extensive first-pass
metabolism and high plasma protein binding, both
of which significantly reduce its bioavailability,
thereby limiting amount of the drug that reaches
the brain. However, the formulation of haloperidol
into SLNs stabilized with tween 80 has
demonstrated improved drug accumulation in brain
regions compared to the unformulated drug @384,
The surface of solid lipid nanoparticles can be
functionalized with polyethylene drug (PEG). The
PEGylation reduces opsonization and prolongs
circulation time, facilitating efficient drug delivery
across the blood -brain barrier. Arya Bazargani et
al. developed PEGylated SLNs for the targeted
delivery of Atazanavir and Elvitegravir to the brain
as a therapeutic approach for NuroAIDS ), While
SLNs offer high biocompatibility and protection
for labile molecules, they are limited by drug
loading capacity and the potential of drug
expulsion  during  storage. In contrast,
nanostructured lipid carriers (NLCs), a second
generation lipid based system, combine solid and
liquid lipids, thereby improving encapsulation
efficiency and reducing drug leakage. NLCs also
allow for more controlled release Kinetics
compared to conventional SLNs. These results
underscore the potential of lipid based nanocarriers
( SLNs, NLCs) as a promising nanocarrier system
for enhancing administration of anti-HIV drugs in
management of NeuroAIDS.

Conclusion

Intranasal drug delivery has emerged as a
novel noninvasive approach to treat neurological
diseases and could also be useful to improve the
treatment of neuroAIDS, due to persistent HIV
reservoirs in the brain that have not been
effectively targeted with traditional strategies. By
bypassing the blood brain barrier and employing
advanced formulation  strategies such as
nanoparticles, mucoadhesive systems, and prodrug
approaches,intranasal administration offers the
potential to enhance drug delivery to the central
nervous system. Despite these advantages, the
successful  clinical translation of intranasal
therapies depends  on several critical
considerations. These include ensuring formulation
safety, optimizing the physicochemical properties
of the drug, and accounting for interspecies
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anatomical and physiological differences observed
during preclinical studies. In addition, challenges
such as enzymatic degradation within the nasal
mucosa, Vvariability in drug absorption, and
regulatory complexities associated with the
approval of intranasal antiretroviral therapies must
be carefully addressed. Overall, a balanced and
systematic evaluation of these factors is essential to
support the development of safe, effective, and
clinically viable intranasal treatment strategies for
NeuroAIDS.
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