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Abstract: The intranasal (IN) route of drug delivery can effectively penetrate the blood-brain barrier and deliver drugs directly to the
brain for the treatment of central nervous system (CNS) disorders via intra-neuronal or extra-neuronal pathways. This approach has
several advantages, including avoidance of first-pass metabolism, high bioavailability, ease of administration, and improved patient
compliance. In recent years, an increasing number of studies have been conducted using drugs encapsulated in solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs), and delivering them to the brain via the IN pathway. SLNs are the first-generation
solid lipid nanocarriers, known for their excellent biocompatibility, high drug-loading capacity, and remarkable stability. NLCs,
regarded as the second-generation SLNs, not only retain the advantages of SLNs but also exhibit enhanced stability, effectively
preventing drug leakage during storage. In this review, we examined in vivo studies conducted between 2019 and 2024 that used SLNs
and NLCs to address CNS disorders via the IN route. By using statistical methods to evaluate pharmacokinetic parameters, we found
that IN delivery of SLNs and NLCs markedly enhanced drug accumulation and targeting within the brain. Additionally, pharmaco-
dynamic evaluations indicated that this delivery method substantially improved the therapeutic effectiveness of the drugs in alleviating
symptoms in rat models of CNS diseases. In addition, methods for enhancing the efficacy of nose-to-brain delivery of SLNs and NLCs
are discussed, as well as advances in clinical trials regarding SLNs and NLCs.

Plain Language Summary: Traditional drug administration routes for the treatment of central nervous system diseases have many
limitations due to the existence of the blood-brain barrier (BBB). The intranasal drug administration route crosses the BBB through
intra-neuronal pathways as well as extra-neuronal pathways and delivers drugs directly to the brain. Solid lipid nanoparticles (SLNs)
and nanostructured lipid carriers (NLCs) are a type of nanoparticles whose surface is covered by amphoteric surfactants and whose
interior is filled with a lipid core. They have the advantages of good biocompatibility, strong drug loading capacity, and strong stability,
and can be obtained through a variety of reliable preparation methods. Encapsulating therapeutic drugs into SLNs and NLCs for
intranasal delivery can significantly increase drug delivery efficiency and enhance efficacy. In addition, there are various ways to
further enhance drug delivery of SLNs and NLCs, such as using gel systems such as chitosan to encapsulate the nanoparticles,
piggybacking cell-penetrating peptides onto the surface of the nanoparticles, and modifying the nanoparticles, surface charge of
particles, etc.
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Introduction
In recent years, the number of people suffering from central nervous system (CNS)-related disorders, such as neurode-
generative diseases, depression, and glioblastoma, has increased worldwide.' Traditional drug delivery methods used
for treating these CNS ailments, primarily oral and intravenous, encounter a formidable barrier: the blood-brain barrier
(BBB) (Figure 1). The presence of the BBB has led to many potential drugs failing to achieve effective therapeutic
concentrations in the brain, resulting in their abandonment for clinical development and application.® Typically, many
lipophilic compounds in the peripheral circulation, can passively traverse the BBB in its normal physiological state, with
the rate of transport depending on their lipid solubility and molecular size. Essential nutrients such as glucose enter the
brain via specific transport proteins, whereas most macromolecules or hydrophilic substances are impeded.*” It is worth
noting that ATP-binding cassette transporter (ABC transporter) is the main transporter on the BBB that mediates the
efflux of lipid-soluble substances. Therefore, indiscriminately increasing a drug’s lipid solubility may paradoxically
diminish its ability to penetrate the brain.>* This characteristic of BBB serves to protect the CNS from pathogens and
toxins while allowing most small-molecule drugs to enter the brain. However, under normal physiological conditions, the
entry of nearly all large molecule drugs into the brain is stringently restricted.” Therefore, there is an urgent need to
develop drug delivery routes that can cross the BBB and improve the efficiency of drug transit to the brain.

Numerous invasive strategies such as chemical disruption of the BBB, craniotomy drug delivery, polymer wafers, and
microchip technologies; as well as non-invasive approaches including intranasal drug delivery, efflux pump inhibition,
and prodrug techniques have been studied to enhance drug transport to the brain.® Invasive strategies often inflict
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Figure | The blood-brain barrier is a complex structure consisting of vascular endothelial cells and the tight junctions formed between them, pericytes, substrates, and
peduncles of astrocytes.

considerable harm on patients. For example, chemically disrupting the BBB can compromise its selective permeability,
leading to uncontrolled diffusion of both low and high molecular weight substances, which may result in elevated
cerebrospinal fluid levels and potentially carry risks such as hemiplegia and aphasia.” Non-invasive strategies, such as
inhibiting efflux pumps within the BBB, reduce the expulsion of therapeutic drugs but also diminish the clearance of
harmful chemicals, which may increase the risk of brain injury.® The prodrug approach aims to modify active molecules
to adjust their lipophilicity, enhancing permeability and water solubility. Subsequently, it undergoes enzymatic conver-
sion in specific brain regions to yield its active form, thereby achieving the intended therapeutic effect. It is worth noting,
however, that due to the action of ABC transporters and the BBB’s restriction on macromolecules, the prodrug strategy
also faces significant challenges.'® The intranasal (IN) route is recognized as a highly promising method of administra-
tion. After IN formulations enter the nasal cavity, they can be efficiently transported to the brain either directly via the
olfactory nerve pathway in the olfactory region or via the trigeminal nerve pathway in the respiratory area. The IN route
offers numerous advantages, including avoidance of first-pass metabolism, non-invasive delivery, high bioavailability of
drugs, convenience of administration, high safety, and good patient compliance.'' However, IN delivery also faces
challenges, such as high mucociliary clearance, susceptibility to enzymatic degradation, and low mucosal penetration of
drugs. To overcome these disadvantages, researchers have encapsulated drugs into nanocarriers.'*!?

To date, a variety of nanocarriers have been developed for intranasal administration, including lipid-based nanopar-
ticles (LNPs), polymeric nanoparticles, metal-based nanoparticles, stem cells, and exosomes.*'*'> Among these, solid
lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) have garnered increasing interest due to their
superior biocompatibility, high drug loading capacity, and high bioavailability and stability when compared with other
LNPs."* Numerous studies have utilized SLNs and NLCs to encapsulate drugs for treating central nervous system (CNS)
disorders and delivering them to the brain via the IN route. This article will summarize and analyze recent in vivo studies
related to the treatment of CNS diseases by use of drugs encapsulated in SLNs or NLCs.

Intranasal Route of Administration
Nasal Cavity Anatomy

The nose, as a vital organ of the human body, has multiple functions, such as air filtration, humidification, temperature
regulation, and olfactory perception.'® The nasal cavity consists of two narrow chambers, each measuring approximately
12 to 14 cm in length, with a wider base tapering to a narrower top, separated by the nasal septum. Each side of the nasal

cavity is further divided by the nasal threshold into the nasal vestibule and the proper nasal cavity (Figure 2).7’17
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Figure 2 Schematic diagram showing the anatomy of the nasal cavity and the entry of SLNs or NLCs into the nasal cavity to reach the olfactory region. The olfactory zone is
centrally located at the top of the nasal cavity and covers < 10% of the mucosal surface area; it is primarily responsible for the sense of smell.” The respiratory mucosa, which
constitutes 80-90% of the nasal cavity, is warm and moisturizes inhaled air; it also filters out fine dust and pathogens.”'®

The intrinsic nasal mucosa contains two parts: the respiratory zone and olfactory zone. The olfactory zone is an
important area for IN delivery. The olfactory epithelium is comprised of supporting cells, basal cells, and olfactory cells,
which are closely interconnected through tight junctions (TJ) between the cells. The dynamic replacement of basal cells
with neuronal cells can increase the permeability of the mucosa, thereby facilitating the transport of drugs to the
brain.'”'? Olfactory nerve cells are a type of bipolar neuron. Their dendrites traverse the olfactory epithelium to reach
the mucous layer, while unmyelinated axons on their base combine with axons from other olfactory cells to form
olfactory fila. These olfactory fila are enveloped by surrounding olfactory ensheathing cells and olfactory nerve
fibroblasts, creating a Schwann cell sheath. This sheath passes through the cribriform plate of the ethmoid bone to
enter the cranium, ultimately terminating in the olfactory bulb.?’ Olfactory information is then transmitted to brain
regions such as the amygdala, piriform cortex, and hypothalamus, providing an anatomical basis for the transport of
drugs from the nasal cavity to the brain.®

The respiratory region is innervated by the trigeminal nerve, including its ophthalmic and maxillary branches, which
are responsible for sensation in different parts of the nasal cavity.>' The neurons of the trigeminal nerve are in the
semilunar ganglion, and the axons reach the brainstem through the pons and have lateral branches that pass through the
cribriform plate directly into the olfactory bulb, from which they ultimately affect the caudal and anastomotic sides of the
brain, and form a key path for drugs to enter the brain via the trigeminal nerve.®** Unlike the olfactory nerve, which is
directly exposed to the nasal cavity, trigeminal nerve endings are located under the mucosal epithelium, which is not
conducive to drug transport. Thus the mucosa of the olfactory region, which is smaller in size, is more highly valued for
nose-to-brain delivery.”® In addition, the mucosa of the respiratory region benefits from its rich blood flow and large
surface area, making it also a focal point for intranasal systemic drug delivery.**

Mechanisms of Drug Transport into the Brain by Intranasal Delivery

The mechanisms by which drug molecules enter the brain via IN delivery are diverse, and dominated by the olfactory and
trigeminal pathways, which transport drugs to various regions of the brain and distribute them throughout the brain. The
olfactory nerve pathway plays a particularly crucial role,® and the following description will primarily focus on that
route.
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The surface of the nasal epithelium is covered with a layer of mucus. Upon entering the nasal cavity, drug molecules
first reach this mucus layer and are progressively moved towards the rear of the nasal cavity and cleared by the
movement of cilia. Drug molecules must penetrate this barrier to be absorbed by the nasal epithelium.”® Therefore,
extending the residence time of drug molecules in the nasal cavity is one of the strategies for enhancing the efficiency of
IN delivery, and will be discussed in detail in the subsequent sections. It is worth mentioning that ciliary activity occurs
only in the epithelium of the respiratory region, and not the olfactory region, which confers an anatomical advantage to
the olfactory region in IN delivery.® Subsequently, drug molecules are primarily transported via intra- or extra-neural
cellular transport mechanisms (Figure 3).
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Figure 3 Schematic representation of drug molecules transported into the brain via the intra- and extra-neuronal transport mechanism (transcellular and paracellular
pathways). In the extra-neuronal mechanism, drug molecules can enter the lamina propria via paracellular and transcellular transport pathways and are subsequently (A)
absorbed by capillaries in the mucosa and transported into the brain through the peripheral circulation; (B) absorbed by the nasal lymphatic vessels, which in turn enter the
peripheral circulation and are transported into the brain; (C) transported into the brain through the perineural space.
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Mechanisms of the Intra-Neuronal Pathway

The intra-neural cellular transport mechanism for drugs delivered via the intranasal (IN) route primarily relies on the
internalization of olfactory neurons (or trigeminal neurons), which may involve nonspecific processes or receptor-
mediated endocytosis. Studies suggest that receptor-mediated neuronal internalization is uncommon, and phagocytosis
is more likely the predominant mode of neuronal internalization.”* After entering the olfactory neuron, drug molecules
are encapsulated in vesicles and transported to the olfactory bulb via the Golgi network and axons. Similarly, in
trigeminal neurons, these vesicles are then transported to the cerebral bridges.”>*® After the drug-containing vesicles
are transported along the axons to the nerve terminals, the drugs are released into the synaptic cleft and bind to
postsynaptic cells in the olfactory bulb (including mitral cells and tufted cells).?’-*® Ultimately, the drugs are transmitted
to various regions of the brain through those cells. An in vivo study in mice found that the transport time of wheat germ
agglutinin-horseradish peroxidase (WGA-HRP) within olfactory neurons to the olfactory bulb ranged from approxi-
mately 0.74 to 2.67 hours, while in the trigeminal pathway, the process required approximately 3.69 to 13.33 hours.”
This difference may be related to the respective lengths of the olfactory and trigeminal nerves.”® This indicates that the
intraneuronal transport of drugs is relatively slow, suggesting that direct brain delivery via the IN route may also depend
on additional pathways.

Mechanisms of the Extra-Neuronal Pathway

The extra-neuronal pathway is another important mechanism of IN delivery, and mainly involves paracellular and
transcellular transport pathways. In a paracellular transport pathway, drug molecules traverse the nasal epithelium into
the lamina propria through gaps between cells of the olfactory or respiratory epithelium. Although open gaps exist
between some cells that can be freely traversed by molecules, the majority of nasal epithelial cells are tightly connected
by tight junctions (TJs), which tightly regulate the permeability of the nasal epithelium to molecules.>* Notably, TJs do
not influence the permeability of lipophilic molecules, whereas hydrophilic molecules must navigate this barrier.*
Within the olfactory epithelium, olfactory neurons are renewed approximately every 30—60 days,’' and neuronal cells
undergo apoptosis, leaving large gaps between the surrounding supporting cells until new neuronal cells regrow in the
gaps. During this process, the TJs between cells are opened, and allow drugs to enter the lamina propria.** The
transcellular transport pathway, predominantly occurring in the supporting cells of the nasal epithelium, typically
involves mechanisms such as receptor-mediated endocytosis, passive diffusion, or fluid-phase endocytosis, which enable
drug transport into the lamina propria.*?

After entering the lamina propria, drug molecules are transported to various brain regions via multiple pathways. The
axons of olfactory sensory neurons are wrapped by olfactory sheath cells and olfactory fibroblasts (ONFs), between
which there is a gap known as the perineural space (PNS).>* ONFs form a continuous layer extending to the meninges,
allowing the PNS direct access to the subarachnoid space, and thereby allowing drugs to enter the cerebrospinal fluid
directly from the lamina propria.*®> > A similar mechanism applies to the trigeminal nerve, and enables rapid drug entry
into the brain via the PNS. Studies indicate that drug transport within the PNS is bidirectional,® and occurs more rapidly
than intra-neuronal transport.” This may be associated with the perivascular space and “perivascular pump”
mechanisms.*”-"

The lamina propria of the nasal epithelium, and particularly the mucosa of the respiratory zone, is rich in capillaries
that are more permeable than the BBB, and allows drug molecules to pass through these vessels into the peripheral
circulation and ultimately to the brain.'®*° Additionally, drugs can be absorbed through lymphatic vessels in the lamina
propria, and then enter the peripheral circulation via deep cervical lymph nodes.**** Walter et al** conducted rat studies
which confirmed that cerebrospinal fluid could drain from the subarachnoid space along the olfactory nerve to the nasal
lymphatics. They injected fluorescein isothiocyanate-labeled keyhole limpet hemocyanin (KLH-FITC) into the subar-
achnoid space of rats and found fluorescence in the nasal mucosa as well as the cervical lymph nodes, demonstrating the
pathway of cerebrospinal fluid drainage. Moreover, kinetic evidence suggests that extra-neuronal transport mechanisms

appear to play a major role.**
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Key Features of SLNs and NLCs for in Delivery

To address the challenges of short nasal residence time and susceptibility to enzymatic degradation in the nasal cavity
associated with intranasal (IN) drug delivery, nanocarrier systems have been developed, such as lipid-based nanoparticles
(LNPs), polymeric nano-systems, metal-based nanoparticles, stem cells, and exosomes.*'*'> LNPs can be categorized
into four types: 1) Solid Lipid Nanoparticles (SLN), 2) Nanostructured Lipid Carriers (NLC), 3) Nano-emulsions (NE),
and 4) Liposomes.®' These carriers demonstrate considerable potential for IN delivery due to 1) lower industrial
production costs, 2) excellent biostability and biocompatibility, 3) effective penetration capabilities through biological
membranes, 4) enhanced drug loading efficiency, and 5) superior drug targeting abilities.''**' Among these, SLNs and

42,43

NLCs are particularly noted for their superior drug protection ability and encapsulation efficiencies, and have thus

been extensively studied in recent years. This article will focus on these two types of nanoparticles.

Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) have an interior filled with a solid lipid core covered by an amphiphilic surfactant layer
that separates the lipid core from the external aqueous environment. The surfactant layer plays a role in maintaining the
stability of the lipid core (Figure 4)."* Notably, the internal solid lipid core of SLNs is not dense. All-atom MD
simulations and small-angle scattering (SANS) experiments on SLNs have shown that different non-trident lipid
conformations crystallize in the core to form crystals with defects, and drug molecules entering the lipid core are most
likely encapsulated in those defects.** The unique structure of SLNs protects the drug molecules carried within the
particles from degradation by various enzymes in the nasal cavity, and also prolongs the release time of the drug.*>*®
SLNs also have other advantages, such as the use of temperature-controlled lipid materials in their preparation process.

These materials are solid at room temperature, and the therapeutic drug molecules are encapsulated in the defects in the
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Figure 4 (A) SLN; (B) Imperfect NLC, which improves drug loading by mixing solid lipids with an appropriate amount of liquid lipids to form a crystalline particulate matrix
containing many defects inside the NLCs; (C) Amorphous NLC, which reduces drug leakage by carefully blending the blended lipids, so that the solid lipids in the NLCs do
not crystallize but exist in an amorphous form; (D) Multiple oil-solid fat-water (O/F/W) type NLCs, suitable for encapsulating drugs that are more soluble in liquid lipids/oils
than in solid lipids. O/F/W type NLCs, suitable for encapsulating drugs that are more soluble in liquid lipids/oils than in solid lipids, with some of the liquid lipids/oils
effectively dispersed in the lipid matrix. Liquid lipids/oils that exceed their solubility cause phase separation, forming nano-oil chambers that are uniformly dispersed within
the solid matrix.
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solid lipid matrix.*”** When the nanoparticles enter the human body, the ambient temperature changes to body
temperature, and the solid lipid core of the SLNs transforms into a liquid form to release the encapsulated drug.49
Moreover, the study by Saini et al’® demonstrated that SLNs possess excellent mucoadhesive properties, and compared to
free ferulic acid (FA), the FA encapsulated in SLNs exhibits significantly enhanced penetration through the nasal mucosa.
However, SLNs also have some drawbacks, such as the possibility of lipid coagulation and crystallization occurring
inside the SLNs. These events lead to a decrease in the drug-carrying capacity of SNLs and their structural instability
during storage, which in turn leads to premature release of the encapsulated drug.*>' To date, various reliable techniques
for preparing SLNs have been reported, including the use of microfluidic technology,* the double emulsion method,”
the microemulsion technique,>* the high-pressure homogenization (HPH) method,>* the hot melt-emulsification ultra-
sonication method,” high shear homogenization (HSH) technology,’® and the hot melt extrusion (HME) technique.’’

Nanostructured Lipid Carriers

Nanostructured lipid carriers (NLCs) are second-generation nano lipid particles developed to improve upon the limita-
tions of SLNs (Figure 4). NLCs contain not only solid lipids but also liquid lipid components in their interior.”® NLCs
maintain a solid lipid matrix structure at both room temperature and body temperature.>® Depending on the proportions of
lipid and oily components inside the particles and the preparation method, NLCs can be categorized into three types: 1)
Imperfect type, 2) Amorphous type, and 3 Multiple oil-solid fat-water (O/F/W) type.”® NLCs share the same advantages
as SLNs, such as strong nasal adhesion.®® Besides, NLCs have a higher drug-carrying capacity due to the introduction of
liquid lipids.®®* In addition, the incorporation of liquid lipids enhances the stability of NLCs and prevents the
recrystallization of solid lipids, which helps to reduce the early release of a drug, and thus enhances drug-loading
efficiency.®® Although NLCs surpass SLNs in terms of stability and drug-loading efficiency, regrettably, there is still
insufficient in vivo experimental evidence to prove that the drug delivery efficiency and therapeutic effects of NLCs are
superior to those of SLNs.

Safety of SLNs and NLCs

The safety of SLNs and NLCs has been one of the central concerns in the field of IN delivery. Its evaluation is
multifactorial, involving the formulation components, particle size, surface charge, and other physicochemical properties
of SLNs and NLCs.** Moreover, studies have shown that the surface of many SLNs or NLCs used for delivering
chemotherapeutic drugs may contain cationic components and linkers that bind to specific ligands, which could
potentially trigger immune responses.®’

An in vitro experiment demonstrated that most cells can tolerate doses of SLNs and NLCs up to 1 mg/mL, without
showing signs of cytotoxicity.°® However, certain SLN/NLC formulations can be safely added to cells at even higher
doses, and the safety of the formulation appears to be closely related to the type of surfactant selected.®’” Veider et al®®
and Sadegh et al® assessed the cytotoxicity of SLNs and NLCs using Caco-2 cells and mouse fetal fibroblast cells,
respectively, with both demonstrating low cytotoxicity.

Interactions between positively charged nanoparticles and negatively charged cell membranes can lead to cytotoxicity,
whereas negatively charged nanoparticles are repelled due to having the same negative charge as the cell membrane, and
are not suitable for mucosal delivery.®’%”" Nevertheless, positively charged surfactants are still needed because they
enhance the efficiency and drug-loading capacity of nanoparticles. Furthermore, a study has indicated that SLNs prepared
using the cationic surfactant cetyltrimethylammonium bromide (CTAB) can still exhibit low toxicity at concentrations
exceeding 1 mg/mL.”? It is important to note that CTAB may increase calcium ion release from neutrophils, leading to
cellular damage, whereas other surfactants such as polysorbate 80 and poloxamer 188 demonstrate good biocompatibility
and low cytotoxicity.”*"”* Moreover, both SLNs and NLCs have demonstrated excellent biocompatibility in terms of
blood compatibility, genotoxicity, and also in in vivo experiments.®”-”> In the in vitro hemolysis assay by Lakkadwala
et al,’® SLNs exhibited only slight hemolytic activity at a concentration of 1 mg/mL. Similarly, in another study, NLCs
also demonstrated low hemolytic effects.®®

Most in vivo studies on SLNs and NLCs currently focus on their drug delivery efficiency and therapeutic efficacy,
with few addressing in vivo safety. Only a limited number of studies conducted in experimental animals have assessed
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the in vivo safety of SLNs and NLCs, and these findings indicate that SLNs and NLCs are generally safe in mice, rats,
Drosophila melanogaster and chickens.®® Overall, SLNs and NLCs have shown good safety profiles for use as
nanocarriers. Further work is needed to investigate the in vivo safety of SLNs and NLCs and to explore more suitable
formulations to minimize their potential side effects.

Strategies for Enhancing the in Delivery of SLNs and NLCs

Apart from safety, enhancing the efficiency of SLNs and NLCs in delivering drugs to the brain via the IN route is another
prominent focus in this field. One approach is to overcome the clearance mechanism of the nasal cilia, in which
nanoparticles move backward with the cilia oscillations and are cleared, needs to be overcome.? It follows that
prolonging the residence time of nanoparticles in the nasal cavity should help to enhance drug absorption. Chitosan
and its gel system have been developed to extend the mucosal residence time of nanoparticles due to its excellent
mucosal adhesion properties. Chitosan, a natural polysaccharide derived from the deacetylation of chitin,”” has excep-
tional biocompatibility, low toxicity, is non-immunogenic, and biodegradable. It also enhances mucosal adhesion,
promotes permeation, and delays drug release.”™’”® Substantial evidence indicates that chitosan-coated SLNs and NLCs
enhance nose-to-brain transport. For instance, chitosan-coated BPE-CS-NLCs prepared by Noorulla et al®® exhibited
longer Tmaxprain times than the free drug (IN), indicating their sustained-release properties.xo Similarly, in two other
studies, chitosan-coated SLNs or NLC formulations showed higher C,ax brain times and brain targeting efficiency when
compared to formulations without a chitosan coating.’®®' In addition, thermosensitive in situ gels composed of
methylcellulose or poloxamer 407 (Pluronic F127) have also been used to enhance IN delivery. Research conducted
by Uppuluri et al®? showed that SLNs wrapped with thermosensitive gels had higher values of Cax brain and drug brain
targeting efficiency.

Cell-penetrating peptides (CPPs) can selectively interact with the cell membranes of certain cell types, and facilitate
the transport of bioactive substances coupled to them across the cell membrane into the cell via different
mechanisms.**** Research indicates that CPPs play a crucial role in enhancing intra-neuronal transport in IN
delivery.®® CPPs are characterized by their low cytotoxicity and can ultimately be degraded into amino acids, and thus
exhibit excellent biosafety.*® Rassu et al®’ developed BACE1 siRNA-loaded SLNs modified with CPPs (BACE1-CPP-
SLNs) for optimal nose-to-brain transport, and evaluated them by using Caco-2 cells as an epithelial-like phenotype
model. The results showed that CPPs enhanced epithelial cellular absorption as well as the intra-neuronal cellular
transport of BACE1 siRNA. In another study, ROSA-NLCs modified with stearoyl-nonanyl-L-arginine (R9SA) as a CPP
were evaluated using a Caco-2 epithelial-like model, and the results showed a 15.6-fold increase in cellular uptake of
RISA-NLCs when compared to blank NLCs.*® Despite some limitations of CPPs, such as non-specific transport and
a short blood half-life,*® targeting can be enhanced by loading CPPs onto specifically modified SLNs or NLCs. For
instance, SLNs or NLCs can be modified with non-toxic components of neurotoxic substances to enhance targeting of the
nervous system.®’

After considering the impact of the nanoparticle surface charge on cellular uptake, ie, nanoparticles with a negative
surface charge are more likely to traverse the mucus barrier, and nanoparticles with a positive surface charge are more
likely to be taken up by cells.”>** Veider et al®® optimized the preparation of charge-converted SLNs and NLCs by using
cetyltrimethylammonium chloride (CTAC) and polyphosphate Graham’s salt. Initially, the nanoparticles carried
a negative surface charge after being coated with phosphate groups. However, once the phosphate groups were cleaved
by intestinal alkaline phosphatase, the presence of CTAC shifted the surface charge to positive. The results indicated that
the optimized formulations of SLNs and NLCs not only significantly increased cellular uptake but also reduced
cytotoxicity.

In vivo Study and Evaluation of SLNs and NLCs in CNS Diseases

Due to the presence of the BBB, intravenous drug therapies for CNS disorders face significant challenges. IN-delivered
drug-carrying SLNs and NLCs for treatment of CNS-related diseases have garnered increasing attention for their superior
ability to cross the BBB. We searched the PubMed, Scopus, Web of Science, and ScienceDirect databases using the
following keywords: (SLNs or NLCs) and (Alzheimer’s disease or Parkinson’s disease or multiple sclerosis or depression
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or migraine or brain tumor or attention deficit hyperactivity disorder or vascular dementia or epilepsy or anxiety or
schizophrenia or insomnia or meningitis or cerebrovascular disease). The most recent search was conducted on
January 9, 2024. After removing duplicates, we selected 94 research articles published from 2019 to 2024 on the
treatment of CNS diseases with SLNs and NLCs. Further selection was based on the following inclusion criteria: 1)
protocol included an in vivo study; 2) employed the IN route for delivery; 3) included evaluations of PK, bioavailability,
or PD. Ultimately, 38 articles were selected for further analysis. Data describing the PK, bioavailability, PD, nanoparticle
size, zeta potential, and drug encapsulation rate in the 38 articles were analyzed to evaluate the use of SLNs and NLCs in
CNS diseases.

Evaluation Indicators and Calculation Methods for Pharmacokinetics and Bioavailability
This section will discuss several different parameters in pharmacokinetic and bioavailability studies conducted to
evaluate various formulations of SLNs and NLCs for IN delivery. Cpaxbrain a0d Cuaxpiood refer to the maximum
concentration of a drug that can be achieved in the brain or blood, respectively, after administration. Tpax prain and
Timaxblood denote the time required to reach the maximum drug concentration. Drug targeting efficiency (DTE) is an
important index for evaluating the brain targeting efficiency of IN-delivered drugs, and is calculated from the area under
the curve of the brain (AUCy,,;,) and the area under the curve of the blood (AUCblood).5 AUCin and AUC, 004 Indicate
the total amount of drug that enters the brain or blood, respectively, after a certain period of time, and is calculated from
the area under the curve plotted against the concentration of drug in the brain or blood measured at different time points.
The larger the AUC value is, the higher the bioavailability is, and vice versa. DTE% is calculated by the following
method:

(AUCprainn) / (AUChlood,N)

DTE% =
’ (AUCprain;1v ) / (AUChlood,1v)

x 100% (D

AUC is determined by the length of the study (AUC, or AUC,_,), IN denotes the intranasal route of delivery, IV
denotes the intravenous route of delivery, and DTE% can be expressed as the relative propensity of a drug to accumulate
in the brain via IN delivery as compared to IV administration. The value of DTE% ranges from 0 to +oo, and a DTE%
value between 100% and +oo suggests that the IN route has a better brain targeting ability than the IV route. The opposite
is true when DTE% is between 0 and 100%. Log DTE% values are sometimes used for standardizing drug
distribution.>*?

It is worth noting that the percentages of drug that enter the brain via the olfactory/trigeminal nerve pathway and via
the peripheral circulatory route cannot be distinguished merely by calculating the DTE%. Therefore, drug transit

percentage (DTP) was introduced, and is calculated as follows:
DTP% = —nN_ 5 100% )

The F value represents the amount of drug that enters the brain via the peripheral blood route after intranasal
administration, and is calculated as follows:

_ AUChrain1v

=———"x AUC 3
AUChoodrv blood,IN (3)

DTP% is calculated by subtracting the amount of drug that enters the brain via the peripheral circulatory route, and
represents the proportion of a drug delivered IN that enters the brain via the olfactory/trigeminal nerve pathway. The
value of DTP% ranges from -co to 100. When drug molecules are not transported via the olfactory/trigeminal pathway,
AUCh4in, v = F; at which time, DTP% = 0; when 0<DTP%<100. This indicates a greater advantage of transport through
the olfactory/trigeminal nerve pathway, and the larger the DTP%, the higher the proportion; when -0<DTP%<0, the
opposite is true. Theoretically, a DTP% value of 100 indicates that drugs in peripheral circulation are completely unable
to cross the BBB (AUCpin, 1v = 0, F = 0).>?
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Additionally, to compare the brain targeting efficiencies of drug-loaded SLNs or NLCs delivered IN with against free
drugs administered via the same route, the values for relative DTE% (Log RDTE%) and relative DTP% (Log RDTP%)

were also calculated as follows:

DTE%1N SLNs or NLCs
Log RDTE% = log10 - x100% 4
08 ° 8 ( DTE%IN free drugs ’ ( )
DTPY%1N SLNs or NLCs )
Log RDTP% = log10 x100% >
g ’ & ( DTP(%JIN free drugs ° ( )

Only when the values of Log RDTE% or Log RDTP% exceed 2 can it be demonstrated that the brain targeting
efficiency of drug-loaded SLNs or NLCs delivered intranasally (IN) is superior to that of free drugs.5 3

A special case exists when AUC,in, v 1S very low, and at the same time the value of AUCy004, v 1S also very low, so
that DTE% and DTP% may be very high. Therefore, it is necessary to introduce a new parameter, B%pv, which is
different from DTE% and DTP% for evaluating the brain targeting efficiency of IN delivery. B%nv compares the
accumulation of drugs in the brain after delivery via the IN pathway with that of the IV pathway. It can be used to
evaluate the accumulation of drugs in the brain after delivery via the IN pathway, after excluding the effect of the IV

pathway, and is relevant to the evaluation of bioavailability. The calculation method is as follows:

AUCbrainﬁlN

—— x100% 6
AUCbrainﬁIV % ° ( )

BY%N,iv=

A B%n1v value > 100 indicates that the IN pathway is more conducive to drug accumulation in the brain than the IV
pathway, and a Log B% n/v value is sometimes used to standardize the distribution.>*?
RB%, also known as relative bioavailability, can also be used to evaluate brain targeting efficiency, which is the ratio

of IN-delivered drug-loaded SLNs or NLCs to IN-delivered free drug accumulation in the brain. It is calculated as:

AUChrain,IN SLNs or NLCs
RB% — x100% o
AUCbrain.IN free drugs

An RB% value > 100 proves that IN-delivered drug-loaded SLNs or NLCs are more advantageous than IN-delivered
free drugs in terms of accumulation in the brain. Moreover, RB% values are sometimes used to standardize the
distribution of Log RB% values.>*?

Literature reports do not always mention parameters such as DTE% or DTP%; therefore, we recalculated those
parameters using AUC, (time from 0 to the last measurement) to obtain the drug concentration values they provided.

Zeta Potential, Drug Encapsulation Efficiency

Zeta potential is an important parameter for evaluating the stability of SLNs and NLCs. Nanoparticles in solution have an
electric charge on their surface. Therefore, they attract ions with the opposite charge and form two ionic layers around the
nanoparticles: the Stern layer and the Diffusion layer. The Stern layer is the oppositely charged ion layer adsorbed on the
surface of the nanoparticles, and the electrical potential at a certain point of the layer distant from the surface of the
nanoparticles is the Stern potential. The interface between the Stern layer and its surrounding portion of the more stable
particles and the Diffusion layer with relative movement of the interface is called the sliding surface. The sliding surface
away from the surface of the nanoparticle at a point and the nanoparticle surface of the potential difference is zeta
potential.** The larger the absolute value of zeta potential is, the more the solution tends to disperse, and thus the more
stable it is; the smaller the absolute value of zeta potential is, the more the solution tends to aggregate, and thus the more
unstable it is. Studies have shown that nanoparticles with an absolute zeta potential value > 30 mv have good stability.®
Drug encapsulation efficiency (EE%) is the ratio of the amount of drug encapsulated into the nanoparticles.
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Statistical Analysis of Formulation Properties and PK Parameters

We summarized results from 38 papers (Tables 1 and 2) and then used GraphPad Prism and SPSS software to statistically
analyze formulation properties and various pharmacokinetic parameters, such as particle size, absolute zeta potential, EE
%, Tmax» Cmax» Log DTE%, DTP%, Log RDTE%, Log RDTP%, Log B% IN/IV, and Log RB%. We assessed data
distribution normality using the Shapiro—Wilk test; for normally distributed parameters, we compared group means to
reference values by using the one-sample 7-test and made comparisons between groups using the independent samples
T-test. For parameters without a normal data distribution, we used the Wilcoxon signed-rank test to compare median
values with reference values and the Mann—Whitney U-test to compare median values between groups. For analyses
involving more than two groups, we used one-way analysis of variance (ANOVA) with Tukey’s Honestly Significant
Difference (Tukey’s HSD) post-hoc test to compare means across multiple groups.

Statistical analyses were conducted on particle size (PS), absolute zeta potential (|ZP|), and encapsulation efficiency
(EE%) for all the SLN and NLC formulations mentioned earlier (as shown in Figure 5). Among them, 32 different
optimized SLN or NLC formulations had a PS < 200 nm, which is advantageous for nanoparticle transport through the
olfactory neuronal pathway for IN delivery as well as for maintaining the stability of nano carriers.'**'* Only 13
optimized formulations exhibited a |ZP| > 30 mv, indicating that those nanoparticles relied on their own zeta potential to
maintain their stability, while the stability of the remaining formulations depended more on their surfactant.'®'
Additionally, the EE% of 35 different formulations exceeded 60%, demonstrating the superior drug encapsulation
capabilities of the SLNs and NLCs.

In the realm of PK, DTE% and DTP% serve as crucial indicators for evaluating the brain targeting efficiency of SLNs
or NLCs. A comprehensive analysis of both DTE% and DTP% for SLNs, NLCs (IN), and free drugs (IN) revealed
a notable correlation (Figure 6). Upon recalculation, only 1 study was found to have a DTE% (94.28) < 100 and a DTP%
(—6.07) < 0."'® This discrepancy likely stems from the investigator’s choice to measure drug accumulation in the
cerebrospinal fluid rather than in brain tissue, where the transit time to cerebrospinal fluid might be longer.”® In addition,
in an in vivo study of an optimized formulation of sumatriptan (ST) piggybacked NLCs,'?' we re-calculated the relevant
PK parameters and found that its Log RDTE% (1.63) value was < 2 and its Log RDTP% (1.87) value was < 2, which
might be related to the NLCs significantly enhancing the transport of ST across the BBB via peripheral circulation
pathways, and thus somewhat reducing its direct brain targeting efficiency. In another study of levofloxacin piggybacked
SLNs,'?* we found that its B% v value (76.35) was < 100 based on the AUC, 3¢ in the article, indicating that its brain
targeting efficiency via IN delivery was lower than that achieved by IV delivery. Excluding those outliers, the median
values of Log DTE%, DTP%, and Log B%pnv for drug-loaded SLNs or NLCs delivered via IN were significantly
higher than those of free drugs delivered via IN (p <0.01, p <0.01, and p < 0.0001, respectively). Additionally, the mean
values of Log RB% and Log RDTP% for drug-loaded SLNs or NLCs delivered via IN were significantly higher than the
reference values (p < 0.00001 and p < 0.01, respectively), and the median values of their Log RDTE%, Log B%mn1vs
DTP%, and Log DTE% were also significantly higher than the reference values (p < 0.01, p < 0.0001, p < 0.00001, and
p < 0.00001, respectively). Yasir et al'® encapsulated haloperidol (HPL) into SLNs (HPL-SLNs) and administered them
intranasally for a PK study in a Parkinson’s rat model. We utilized the AUC,_ provided in the article for recalculation,
and the results showed that the DTE% of HPL-SLNs was 597.57, indicating that the brain-targeting efficiency of the drug
delivered intranasally was higher than that of IV administration. The DTP% of HPL-SLNs was 83.27, further demon-
strating the advantage of drug transport into the brain via the olfactory/trigeminal nerve pathways. Additionally, the Log
RDTE% and Log RDTP% of HPL-SLNs were 2.64 and 2.49, respectively, providing strong evidence that the brain-
targeting efficiency of HPL-SLNS is superior to free HPL during IN delivery. Abo El-Enin et al developed an optimized
formulation of berberine-laden (BER) NLCs, encapsulated with chitosan (BER-CS-NLCs), and conducted a PK study in
an Alzheimer’s disease (AD) rat model.'?? Similarly, we recalculated the B%p v of BER-CS-NLCs to be 626.34,
indicating that the IN route is more favorable for drug accumulation in the brain compared to the IV route. Moreover, the
RB% of BER-CS-NLCs was 341.94, demonstrating that IN delivery of BER-CS-NLCs has a greater advantage in brain
accumulation compared to IN delivery of free BER. These findings suggest that loading drugs onto SLNs or NLCs and
administering them intranasally markedly enhances their brain targeting efficiency (Figure 7).
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Table | PK Parameters and Main Outcomes of SLN and NLC Formulations

Diseases Formulation Drug DTE% DTP% Log Log B%innv RB% Outcomes
RDTE% RDTP%
AD NLCs (Precirol ATO 5, AST ND ND ND ND ND ND AST-NLCs (IN) delivery significantly improved cholinergic neurotransmission function when
oleic acid, PIx 188, Tween compared to free AST and free NLCs. Additionally, it demonstrated considerable advantages in
80) reducing amyloid protein formation, oxidative stress, cellular apoptosis, and neuroinflammation in
a rat model of Alzheimer's disease.”®
AD NLCs (Precirol ATO 5, AST/DPZ ND ND ND ND ND ND AST/DPZ-NLCs (IN) exhibited superior therapeutic capabilities for treating AD when compared to
oleic acid, PIx 188, Tween free AST (IN), free DPZ (IN), and DPZ-NLCs (IN).96
80)
AD NLCs (Precirol ATO 5, NIC 181.46 4489 2.29 ND 144 418 The Cinaxbrain ©f NIC-NLCs was 1.35-fold higher than that of free NICs, indicating better brain
Sesame oil, Tween 80) bioavailability. PD studies have demonstrated that NIC-NLCs (IN) provide better neuroprotective
effects and are more effective for treating AD when compared to free NIC (IN) and NIC-NLCs
).’
AD NLCs (GMS, Nigella sativa DNZ HCI 135023744.87 99.91 ND ND 250276.51 ND Faster and more extensive brain accumulation. The T brain ©f DNZ-NLCs (IN) was only half that
oil, Tween 80) of IV delivered drug, while the Caxbrain Was 4.47-fold higher than that of IV-delivered drug.gB
AD SLNs (GMS, Polysorbate RT 22233 55.02 231 28l 295.45 202.10 | RT-SLNs (IN) had 1.49-fold and I.13-fold higher Ciax brain Values than free RT (IV) and free RT (IN),
80) respectively, demonstrating superior brain bioavailability."9
AD SLNs (ND) AA ND ND ND ND ND ND AA-SLNs (IN) played an important role in ameliorating AB1-42-induced learning deficits in spatial
recognition memory, and significantly reduced Ap|-42-induced lipid peroxidation, Tau protein
hyperphosphorylation, and inflammatory factor levels. They also markedly diminished the activation
of neuroglia in the hippocampal CAl and CA3 subregions associated with AB1-42.'%
AD SLNs (Compritol 888 FA ND ND ND ND ND 691 When compared to a free FA (IN) group, FA-CS-SLNs (IN) significantly shortened the escape
ATO, Tween 80) CS latency (p < 0.001) and enhanced the cognitive ability of rats (p < 0.001). Moreover, FA-CS-SLNs
coating (IN) significantly reduced the levels of biochemical markers such as acetylcholinesterase in the brains
of AD rats, when compared to rats in other groups.”
AD NLCs (Compritol 888 DPZ 321.21 74.55 231 231 241.14 202.59 | The Ciaxbrain value of DPZ-CS-NLCs (IN) was |.87-fold and 1.47-fold higher than those of DPZ-CS
ATO, Capryol 90, PIx 188) -NLCs (IV) and free DPZ (IN), respectively, suggesting better brain bioavailability.'®'
CS coating
AD NLCs (GMS, Plx 407, oleic BER 509.2 80.4 2.1 2.03 626.34 341.94 | The Cpaxbrain Value of BER-CS-NLCs (IN) was |.32-fold- and 1.38-fold higher than those of free BER
acid) CS coating (IV) and free BER (IN), respectively, suggesting better brain bioavailability.'®
AD NLCs (tripalmitin, MCM) PIO ND ND ND ND ND ND The Cinaxbrain Value of PIO-NLCs was 4.32-fold and 1.86-fold higher than those of free PIO(IV) and
free PIO(IN), respectively, indicating enhanced brain bioavailability.'m
Parkinson’s disease SLNss (palmitic acid, PVA) PBD 119.89 16.59 2.35 ND 112.28 3126 The AUC,., values of PBD-SLNs (IN) and BD-SLN-ISG (IN) were 3.14- and 4.05-fold higher than
SLNs in gel of 1.5% methyl 137.54 279 2.40 ND 145.32 404.5 that of free PBD (IV), respectively, suggesting better intracerebral aggregation ability.*?
cellulose
Parkinson’s disease NLCs (GMS, soybean oil) AST 40447.43 99.75 ND ND 60170.9 ND The Cinaxbrain Value of AST-NLCs (IN) was [4.27-fold higher than that of free AST-NLCs (IV),
suggesting significantly improved brain bioavailability.'
Parkinson’s disease NLCs (cholesterol, soya DOPA ND ND ND ND ND ND Rats in a DOPA-NLCs (IN) group showed significant improvement in a motor behavior test, forced
lecithin, oleic acid, Plx 188) swimming exertion experiment, and had test scores that were similar to those in a control group (p
<0.01).'*
Parkinson’s disease SLNs (glyceryl behenate, HPL 597.57 83.27 2.64 2.49 27443 419.83 | The Craxbrain Value of HPL-SLNs (IN) was 3.79-fold and 4.16-fold higher than those of free HPL(IV)
Tween 80) and free HPL(IN),
respectively, suggesting better brain bioavailability.“JS
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Table 1 (Continued).

Diseases Formulation Drug DTE% DTP% Log Log B%innv RB% Outcomes
RDTE% RDTP%
Parkinson’s disease NLCs (Compritol 888 TAN ND ND ND ND ND ND Dopamine levels, levels of various oxidative stress markers and inflammatory factors, and
ATO, Tween 80, Labrafac, performance in behavioral experiments were significantly improved in the TAN-NLCs-CS(IN) and
Kolliphor HS15) CS TAN-NLCs(IN) groups when compared with a positive control group, and the TAN-NLCs-CS(IN)
coating group was almost the same as the negative control group4|06
Epilepsy NLCs (Compritol 888 RT 422.03 76.03 2.39 2.10 211.32 201.12 The Caxbrain Value of RT-NLCs-CS (IN) was 1.92-fold and |.85-fold higher than those of RT-NLCs-
ATO, Capryol 90, Tween CS (IV) and free RT (IN), respectively, indicating better brain bicavailability.'®”
80)
Epilepsy NLCs (cholesterol, oleic PHT 149952.29 99.94 ND ND 4873.98 ND The AUC,... of PHT-NLCs (IN) was > 30—40-fold higher than that of PHT (IV), confirming the
acid, Plx188) 72,615.35 99.86 3629.36 effective nose-to-brain transport of PHT-NLCs. The Caxbrain Of < 50 nm PHT-NLCs (IN) was
significantly higher than that of other groups, and nearly identical to that of the < 50 nm PHT-NLC
nasal spray group}oB
Epilepsy SLNs (GMS, stearic acid, Cbz 343.61 70.9 ND ND 114.58 ND The Ciaxbrain Value of Cbz-SLNs (IN) was |.62-fold that of free Cbz(IV), suggesting higher brain
Tween 80) bioavailability, and the Ty brain Of Cbz-SLNs (IN) was 1/6 that of free Cbz(IV), which facilitated the
rapid aggregation of drug in the brain.'®”
Depression NLCs (TQ oil, NGN ND ND ND ND ND ND In the forced swimming test, the mean swim time was significantly increased in the NGN-NLCs (IN)
Cremophor-EL, Precirol group when compared with the control group (p < 0.001). In the motor activity test, beam counts
ATO-5) were significantly increased in the NGN-NLCs (IN) group when compared with the control group
(p < 0.000)."°
Depression SLNs (ND) FSH ND ND ND ND ND ND In the forced swimming test, the incidence of dyskinesia was significantly reduced in the FSH-SLNs
(IN) group when compared with the control group (p < 0.05). In the tail suspension test, rats in the
FSH-SLNs (IN) group showed a significant reduction in activity time when compared to a control
group (p < 0.01)."""
Depression NLCs (Lauroglycol 90, PAR 38822 74.24 222 2.12 272.54 138.27 | PAR-BorNLCs (IN) accumulated in the brain more rapidly and abundantly, with a T ax brain that was
Precirol ATO 5, Tween 80) 24-fold shorter than those of PAR-BorNLCs (IV) and free PAR (IN). Additionally, the Cax brain Of
PAR-BorNLCs (IN) was 4.88- and 3.84-fold higher than those of PAR-BorNLCs (IV) and free PAR
(IN), respectively.''?
Anxiety NLCs (GMS, oleic acid, BPE 1642.49 93.16 243 2.06 306.11 216.84 | The Ciaxbrain Of BPE-CS-NLCs (IN) was approximately |.46- and 2.63-fold higher than those of free
Tween 80) CS coating BPE (IN) and BPE-CS-NLCs (IV), respectively, suggesting its good brain bioavailability.%°
Anxiety SLNs (Compritol 888 BPE 882.6 88.67 2.57 2.18 266.13 218.33 Faster and more intracerebral aggregation; the Taxbrain Of BPE-SLNs (IN) was reduced by a factor
ATO, Tween 80) of | compared to BEP-SLNSs (IV), whereas the Cax prain ©f PE-SLNs (IN) was 2.23-fold and 1.75-fold
higher than those of BEP-SLNSs (IV) and free BPE (IN), respectively.' "
ADHD NLCs (stearic acid, ATM 32243 68.99 233 231 531.10 269.57 The Cinaxbrain Values of ATM-SLNs S4 (IN) and ATM-SLNs S8 (IN) were 2.91- and 14.52-fold and
Compritol 888 ATO, Span 337.11 70.34 236 232 293.48 301.23 1.09- and 5.43-fold higher than those of the IV and oral routes, respectively, showing excellent brain
60) bioavailability of the screened formulations.''*
Schizophrenia NLCs (Precirol ATO 5, CLP ND ND ND ND ND ND Faster and more intracerebral aggregation; CLP-NLCs (IN) had a 0.5-fold shorter T axbrain When
oleic acid, Tween 80) compared to oral drugs, and a 7.47-fold increase in me',,,,m_' 15
Schizophrenia NLCs (Compritol 888 oLz ND ND ND ND ND ND The Cpaxprain f OLZ-NLCs(IN) increased 3.98-fold compared with that of OLZ-NLCs(IV),
ATO, Labrafil M 1944 CS, suggesting that the former had excellent brain bioavailability.''®
gelucire 44/14)
Insomnia NLCs (palmitic acid, Cod ZPL 12226.78 99.18 3.27 2.07 542.57 32379 Faster and more intracerebral aggregation of ZPL-NLCs (IN) resulted in a 3-fold shorter T axbrain
liver oil, Plx 407) compared to free ZPL (IN) and a 1.65-fold increase in Cpaxprain.'
Migraine SLNs (Compritol 888 RZT 94.28 —6.07 ND ND 175.15 ND The Caxbrain of RZT-SLNs (IN) was 1.66-fold higher than that of free RZT-SLNs (IV), suggesting its

ATO, Tween 80)

good brain bioavailabili(y.| 18
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Migraine NLCs (Cetyl palmitate, CIN ND ND ND ND ND 222.99 The Cphaxprain for CIN-NLCs (IN) was 2.03-fold higher than that for CIN (IN), suggesting that the
oleic acid, soya lecithin) in former had good brain bicavailability.''®
gel of Pluronic F-127
Migraine NLCs (GMS, oleic acid, RB 27471 63.6 2.23 2.23 267.41 251.21 The Ciaxbrain f RB-NLCs (IN) was 2.12- and 1.89-fold higher than those of free RB (IV) and free RB
Tween 80) (IN), respectively, indicating the good brain bioavailability of the former.'%®
Migraine NLCs (stearic acid, ST 257.92 61.23 1.63 1.87 770.77 744.56 | The Caxprain Of ST-NLCs (IN) was 5.59- fold and 9.42-fold higher than those of free ST (IN) and ST-
cholesterol, triolein) NLCs (IV), respectively. This indicates that both the NLCs and IN delivery significantly enhanced the
accumulation of ST in the brain.'?!
Meningitis NLCs (Tefose, Capmul, Ole 590.67 83.07 ND ND 222.97 ND The Ciaxbrain of Ole-NLCs (IN) was 3.04-fold higher than that of Ole-NLCs (IV), demonstrating its
Polysorbate 80, Pix 188, superior brain bioavailability.' 22
Sorbate 80)
Meningitis SLNs (stearic acid, LFX 287.93 65.27 ND ND 76.35 ND The of Craxprain Of LFX-SLNs (IN) was |.17-fold higher than that of the free drug solution,
Compritol 888 ATO, span demonstrating superior brain bioavailability of the former.'*
60)
VaD NLCs (stearic acid, olive ATM 2179 54.11 221 231 161.18 179.22 | The Ciaxprain ©f ATM-NLCs-Gel (IN) was 1.74- and 1.71-fold higher than those of free ATM (IN)
oil, Tween 80) in gel of Plx and ATM-NLCs-Gel (IV), respectively, indicating its good brain bioavailability. In the Morris water
407 and carbopol maze test, the mean escape latencies of the ATM, ATM-NLCs-Gel, and donepezil groups (all IN)
were shorter than that of the L-methionine group (p < 0.05), and the ATM-NLCs-Gel group
outperformed the free ATM group (p < 0.05) and donepezil group.m
MS NLCs (Precirol, maisine, TEF 357.51 72.03 232 224 266.64 137.2 The Cnaxbrain ©f TEF-NLCs (IN) was |.14-fold and 3.87-fold higher than those of free TEF (IN) and
Tween 80) TEF-NLCs (IV), respectively, indicating its good brain bioavailability. Following treatment with TEF-
miR-155-antagomir-NLCs (IN), no significant areas of apoptosis or necrosis were observed in the
CE and CP regions of the brain in a demyelination model of rats. Additionally, there was a notable
reduction in degenerating neurons and the expression of GFAP protein was < 25%.'%
MS NLCs (Compritol 888 TEF ND ND ND ND ND ND Compared to a negative control group, rats treated with TEF-NLCs (IN) entered the open arms of
ATO, maisine 35-1, the Elevated Plus Maze (EPM) fewer times and displayed reduced mobility. Additionally, the
gelucire 44/14) demyelination inhibition effect of TEF-NLCs (IN) was more pronounced than that of TEF-NLCs
(c)raI)AI26
Cerebrovascular SLNs (stearic acid, Plx 188, PTF 110 9.09 ND ND ND ND The AUC,. and Cax brain Values of PTF-Bor-SA-SLNs (IN) were 7.3 |-fold and 7.29-fold higher than
disease Borneol) those of PTF-SLNs (IN), respectively, demonstrating that Bor-SA conjugation significantly increased
the cerebral bioavailability and intracerebral aggregation of the drugs.'?”
Cryptococcal NLCs (Compritol 888 Keto ND ND ND ND ND ND Keto-NLCs (IN) exhibited enhanced antifungal activity against novel Cryptococcus under different
meningoencephalitis ATO, Miglyol 812 N, conditions when compared to marketed antifungal drugs.'?®
Solutol HS 15, Tween 80)

Abbreviations: AD, Alzheimer’s disease; ADHD, Attention deficit and hyperactivity disorder; MS, Multiple sclerosis; VaD, Vascular dementia; ISG, in situ gel; AST, astaxanthin; DPZ, Donepezil; NIC, Nicergoline; DNZ HCI, Donepezil
Hydrochloride; EPM, elevated plus-maze; Keto, Ketoconazole; PTF, Pueraria flavones; Bor, borneol; LFX, levofloxacin; Ole, Oleuropein; RT, rivastigmine tartrate; AA, Asiatic acid; FA, ferulic acid; PBD, Piribedil; DOPA, dopamine; BER,
berberine-laden; HPL, haloperidol; TAN, Tanshinone IIA; PHT, Phenytoin sodium; Cbz, carbamazepine; PAR, paroxetine; NGN, Naringenin; FSH, Formulated Sertraline Hydrochloride; BPE, Buspirone; ATM, Atomoxetine; CLP, clozapine;
ZPL, Zopiclone; RZT, Rizatriptan; CIN, cinnarizine; RB, Rizatriptan benzoate; ST, Sumatriptan; TEF, Teriflunomide; PIO, pioglitazone; OLZ, olanzapine. GMS, glycerol monostearate; ND, not determined; PVA, polyvinyl alcohol; Plx,
Poloxamer; CS, chitosan.
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Table 2 Main Characteristics of SLN and NLC Formulations

Diseases Formulation Drug PS |ZP| EE Ref.
(nm) (mv) (%)
AD NLCs (Precirol ATO 5, oleic acid, Plx 188, Tween 80) AST 142.8 322 94.1 [95]
AD NLCs (Precirol ATO 5, oleic acid, Plx 188, Tween 80) AST/ 149.9 337 93.85 [96]
DpPz 81.25
AD NLCs (Precirol ATO 5, Sesame oil, Tween 80) NIC 111.18 15.4 95.11 [97]
AD NLCs (GMS, Nigella sativa oil, Tween 80) DNz 169.34 3543 66.41 [98]
HCI
AD SLNs (GMS, polysorbate 80) RT 110.2 28 82.56 [99]
AD SLNs (ND) AA 189.27 18.33 ND [100]
AD SLNs (Compritol 888 ATO, Tween 80) CS coating FA 184.9 12.4 51.18 [50]
AD NLCs (Compritol 888 ATO, Capryol 90, Pix 188) CS coating DpPz 192.5 38.9 89.85 [1o1]
AD NLCs (GMS, PIx 407, oleic acid) CS coating BER 180.9 36.8 ND [102]
AD NLCs (tripalmitin, MCM) PIO 211.4 14.9 70.18 [103]
Parkinson’s disease SLNs (palmitic acid, PVA) PBD 358.53 18.34 82.02 [82]
SLNs in gel of 1.5% methyl cellulose 364.1 17.4 ND
Parkinson’s disease NLCs (GMS, soybean oil) AST 225.6 52.64 65.91 [81]
Parkinson’s disease NLCs (cholesterol, soya lecithin, oleic acid, PIx 188) DOPA 90.38 42.5 94.12 [104]
Parkinson’s disease SLNs (glyceryl behenate, Tween 80) HPL 103 23.5 79.46 [105]
Parkinson’s disease NLCs (Compritol 888 ATO, Tween 80, Labrafac, Kolliphor TAN 152 14.4 98.7 [106]
HSI15) CS coating
Epilepsy NLCs (Compritol 888 ATO, Capryol 90, Tween 80) RT 170.48 26.73 82.37 [107]
Epilepsy NLCs (cholesterol, oleic acid, PIx188) PHT 124.56 16.5-28 91.7 [108]
32.59 81.35
Epilepsy SLNs (GMS, stearic acid, Tween 80) Cbz 210 22.71 42.1 [109]
Depression NLCs (TQ oil, Cremophor-EL, Precirol ATO-5) NGN 85.67 8.18 87.58 [110]
Depression SLNs (ND) FSH ND ND ND [
Depression NLCs (Lauroglycol 90, Precirol ATO 5, Tween 80) PAR 160-546 | 11.2-12 | 60.3-83.1 | [112]
Anxiety NLCs (GMS, oleic acid, Tween 80) CS coating BPE 190.98 17.47 80.53 [80]
Anxiety SLNs (Compritol 888 ATO, Tween 80) BPE 218.6 26.47 70.13 [113]
ADHD NLCs (stearic acid, Compritol 888 ATO, Span 60) ATM 564.24 18.11 60.14 [114]
Schizophrenia NLCs (Precirol ATO 5, oleic acid, Tween 80) CLP 178 239 77.47 [115]
Schizophrenia NLCs (Compritol 888 ATO, Labrafil M 1944 CS, gelucire 44/ oLz 88.95 22.62 88.94 [116]
14)
Insomnia NLCs (palmitic acid, Cod liver oil, Plx 407) ZPL 71.27 30.65 94.31 [117]
Migraine SLNs (Compritol 888 ATO, Tween 80) RZT 124.9 16.7-17.7 78.6 [118]
Migraine NLCs (cetyl palmitate, oleic acid, soya lecithin) in gel of CIN 108.9 393 97.7 [19]
Pluronic F-127
Migraine NLCs (GMS, oleic acid, Tween 80) RB 189 52.7 84.5 [120]
Migraine NLCs (stearic acid, cholesterol, triolein) ST 101 32 91 [121]
Meningitis NLCs (Tefose, Capmul, Polysorbate 80, PIx 188, Sorbate 80) Ole 169 27 98.4 [122]
Meningitis SLNs (stearic acid, Compritol 888 ATO, span 60) LFX 3848 ND 43.18 [123]
VaD NLCs (stearic acid, olive oil, Tween 80) in gel of PIx 407 and ATM 108 423 84.12 [124]
carbopol
MS NLCs (Precirol, maisine, Tween 80) TEF 177.4 5.95 93.06 [125]
MS NLCs (Compritol 888 ATO, maisine 35—1, gelucire 44/14) TEF 99.82 22.29 83.39 [126]
Cerebrovascular disease SLNs (stearic acid, Plx 188, Borneol) PTF 154.2 41.5 ND [127]
Cryptococcal NLCs (Compritol 888 ATO, Miglyol 812 N, Solutol HS 15, Keto 102.1 2.1 70.4 [128]
meningoencephalitis Tween 80)

Abbreviations: PS, particle size; |ZP|, absolute value of zeta potential; EE, entrapment efficiency.
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Figure 5 (A) Summary of particle size for SLN and NLC formulations (n = 40). (B) Summary of absolute values of Zeta potential for SLN and NLC formulations (n = 38).
(€) Summary of drug encapsulation efficiency for SLN and NLC formulations (n = 37).
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Figure 6 (A) Summary of drug-loaded SLNs and NLCs (IN) DTE% and DTP% (n = 26); smaller graph at top right shows data for DTE% < 1000. (B)Summary of free drugs
(IN) DTE% and DTP% (n = 16). Dashed lines parallel to the X-axis represent Y = 100 and dashed lines parallel to the Y-axis represent X = 100.

In addition, we found some particularly high Log DTE% values that mostly corresponded with hydrophilic
drugs.”®'%® Those drugs struggled to penetrate the blood-brain barrier via peripheral circulation pathways, resulting in
their lower bioavailability after IV administration, resulting in high Log DTE% values.

Furthermore, the Tyax brain Values for drug-loaded SLNs and NLCs (IN), as well as for drug-loaded SLNs or NLCs
delivered via the IV route (IV ALL), and free drug (IN) were statistically analyzed. We used one-way analysis of variance
(ANOVA) with Tukey’s Honestly Significant Difference (Tukey’s HSD) post-hoc test to compare the mean values among
different groups. No significant differences were found among the groups. This lack of difference might be attributed to

some nanoparticles being encapsulated by gel systems,>®-80:82:101.119

which would delay drug release and thereby increase
Tmax brain- In an in vivo study on a Parkinson’s rat model, astaxanthin (AST)-loaded NLCs (AST-NLCs) were prepared
and encapsulated with chitosan to form AST-CS-NLCs.®! Following IN administration, the AST-NLCs group reached
Cinaxbrain 4 hours post-administration, while both the AST-CS group and the AST-CS-NLCs group reached their peak
concentrations 6 hours after dosing, highlighting the excellent capability of chitosan to prolong drug release.
Additionally, the rate of drug transport into the brain is influenced by the size of the nanoparticles and various intrinsic
properties of the drug itself. Thus, it seems that SLNs and NLCs do not have a significant effect on the rate of IN
delivery.
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Figure 7 (A) Summary of Log RDTE% for SLNs and NLCs (IN) (n = 18). (B) Summary of Log RDTP% for SLNs and NLCs (IN) (n = 18). (C) Summary of Log RDTP% for
SLNs and NLCs (IN) (n = 20). Overall comparison of drug-loaded SLNs and NLCs (IN) to free drugs (IN) using box-and-line plots. (D) Comparison of Log DTE% between
the SLN or NLCs (IN) group (n = 26) and the free drug group (n = 16). (E) Comparison of DTP% between the SLN or NLC (IN) group (n = 26) and the free drug group (n =
16). (F) Comparison of Log B% between the SLNs or NLC (IN) group (n = 26) and the free drug group (n = 16). Reference values are indicated by dashed lines, representing
Log DTE% = 2, DTP% = 0, and Log B% IN/IV = 2. Mean values are denoted with a plus sign (+). The Mann—-Whitney U-test was used to compare median values between
groups, with statistical significance indicated as **p < 0.01, ****p < 0.0001. Data with a normal distribution were analyzed using the one-sample T-test to compare means
against reference values, while data with a non-normal distribution were examined using the Wilcoxon signed-rank test to compare medians against reference values, with
statistical significance indicated as *p < 0.01, " p < 0.0001 or "5 < 0.00001. No significant difference is denoted as ns.

Due to the varying units of C,,, in presented in different studies, which are difficult to standardize, ratios were
directly used for statistical analysis to eliminate that effect. Comparisons between the Cax prain Values of SLNs or NLCs
(IN) and those of ALL IV, and between SLNs or NLCs (IN) and those of free drugs (IN) were made, and a Wilcoxon
signed-rank test indicated that the median ratios in each group were significantly higher than the reference values (p <
0.0001, p < 0.001, respectively). Tripathi et al optimized the preparation of cinnarizine (CIN)-loaded NLCs (CIN-NLCs)
M9 The study revealed that after IN administration, the Cyax prain 0f CIN-NLCs was 786.65 pg /mL, approximately 2.03
times higher than that of free CIN administered intranasally. These results demonstrated that SLNs or NLCs (IN) could

significantly increase drug accumulation in the brain and also increase the bioavailability of drugs (Figure 8).

Evaluation of Pharmacodynamics in in vivo Studies

In addition to PK evaluations, many in vivo studies have also conducted pharmacodynamic (PD) assessments (Table 1).
Islamie et al developed SLNs loaded with asiatic acid (AA-SLNs).'% In a PD study using a rat model of amyloid-beta
(AP)-induced memory impairment, IN delivery of AA-SLNs played a crucial role in improving spatial and recognition
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Figure 8 (A) Overall comparison of Tiaxprain for SLNs and NLCs (IN) (n = 28), IV ALL (n = 23), and free drug (IN) (n = 20). Data represent individual values as well as
a median * quartile, and were compared using one-way analysis of variance (ANOVA) with a Tukey’s Honestly Significant Difference (Tukey’s HSD) post-hoc test to compare
group means, No significant difference is denoted as ns. (B) Summaries of the ratio of C,.xprain between SLNs or NLCs (IN) and ALL IV (n = 25), and between SLNs or
NLCs (IN) and free drugs (IN) (n = 19). Reference values are denoted by a dashed line representing a ratio of |, and mean values are indicated with a +. Given the data’s
deviation from a normal distribution, the Wilcoxon signed-rank test was employed to compare the median values of each group with the reference values. Statistical
significance is denoted as ###p <0.001 or Wp < 0.0001.

memory deficits caused by AB1-42. It significantly reduced AB1-42-induced lipid peroxidation, tau hyperphosphoryla-
tion, and inflammatory cytokine levels. Additionally, IN administration of AA-SLNs notably decreased Af1-42-
associated glial activation in the hippocampal CAl and CA3 subregions. Compared to oral AA at the same dose, IN
delivery of AA-SLNs demonstrated a significant advantage in neuroprotection in the AD rat model. In another study, an
improved formulation of ferulic acid (FA)-loaded SLNs encapsulated with chitosan (FA-CS-SLNs) was developed.’® In
behavioral experiments, IN delivery of FA-CS-SLNs in AD rats resulted in a significant reduction in escape latency
(p<0.001 on Day 27) and improvement in cognitive abilities (p<0.001 on Day 27) compared to the free drugs.
Additionally, IN FA-CS-SLNs significantly reduced biochemical markers in the brains of AD rats, such as acetylcho-
linesterase, compared to other groups. This highlights the significant therapeutic effect of IN delivery of FA-CS-SLNs in
the treatment of AD. Neha et al developed an optimized formulation of dopamine (DOPA)-loaded NLCs (DOPA-NLCs)
for PD studies in a Parkinson’s disease rat model.'® The motor behavior tests in the experimental group of rats
administered with IN DOPA-NLCs were similar to those of the control group, while both the rotenone (IN) negative
control group and the DOPA (IN) positive control group showed significantly lower performance compared to the control
group (p<0.01, p<0.05, respectively). Additionally, in the forced swimming exertion test, the immobility duration in both
the rotenone (IN) negative control group and the DOPA (IN) positive control group was significantly higher than that of
the control group (p<0.01, p<0.05, respectively), whereas the DOPA-NLCs (IN) group was similar to the control group.
In the neurochemical evaluation, the DOPA levels in the DOPA-NLCs (IN) group were comparable to those of the
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control group, while both the negative and positive control groups had significantly lower DOPA levels than the control
group (p<0.01, p<0.05, respectively). This demonstrates that NLCs significantly enhanced the therapeutic efficacy of
DOPA in the treatment of Parkinson’s disease. Overall, encapsulating drugs into SLNs or NLCs and delivering them
intranasally significantly enhances their therapeutic efficacy in treating CNS diseases.

Limitations and Reflections

Overall, this paper has some inevitable limitations. The formulations of the SLNs and NLCs, as well as the drugs used in
the 38 studies we screened varied significantly. In addition, although all studies used rats as in vivo experimental models,
the growth environments and feeding conditions of the rats varied considerable, resulting in a high degree of hetero-
geneity. This made it challenging to maintain small deviations when directly comparing results from different studies,
and thereby affected the accuracy of our conclusions. Moreover, in order to avoid inconsistency in calculations, we re-
calculated all PK-related parameters. We found that some studies used the value of AUC,_,, for the relevant calculations,
while in this paper, we used the value of AUC,_ for re-calculation, which led to discrepancies between our calculated
values and the original values. However, when no AUCO-t values were provided, we had to rely on AUCO-c0 values.
Some studies have suggested that the best approach for calculating DTE% and DTP% is to compare SLNs or NLCs (IN)
with free drug (IV) to eliminate the effect of the SLNs or NLCs themselves.”> However, not all studies used a free drug
(IV) administration protocol, in which case, we had to use the available values from SLNs or NLCs (IN) and compare
them to the values for SLNs or NLCs (IV).

Due to economic factors and accessibility, most studies currently use rats as an animal model for IN delivery.
However, there are significant anatomical differences between the nasal cavities of rats and humans. The olfactory
mucosal area in humans occupies only 10% of the nasal cavity, whereas in rats, it accounts for 50% of the nasal
cavity.'**'* In addition, the small size of the anterior nostrils of rats makes it more difficult to administer drugs, and
especially viscous agents. In comparison, rabbits, dogs, monkeys, and sheep have larger anterior nostrils, making nasal
administration easier and more suitable for PK studies involving IN delivery.'** Furthermore, the proportion of the
olfactory region in rabbits, sheep, and monkeys is similar to that in humans (approximately 10%), while in dogs, it is as
high as 77%."" Therefore, considering the economic factors as well as the ethical issues related to animal experimenta-
tion, rabbits are the most popular animal models and are often used for PK studies.

While SLNs and NLCs demonstrate significant advantages in treating CNS diseases via IN delivery, they also face
numerous challenges. For instance, crystallization of the lipid core in SLNs may reduce their drug-loading capacity, and their
structure may become unstable during storage, leading to premature drug release and gelation. The high water content
(70-90%) in the formulation may also affect the stability of SLNs.**'3*> These drawbacks limit the widespread clinical
application of SLNs and NLCs. The majority of ongoing clinical trials using lipid-based nanoformulations are primarily in
Phase I or Phase II, and are mostly related to liposomes.'**'*° We have meticulously reviewed the current clinical trials
involving SLNs and NLCs and summarized them in Table 3. The results show that only two completed clinical trials exist,
both of which in Phase I. One of the studies focused on 28 patients with dermatophytosis, evaluating the efficacy of the
oxiconazole nitrate SLNs gel system and oxiconazole Nitrate Cream 1% administered topically. The results showed that the
oxiconazole nitrate SLNs gel system was superior to the commercially available oxiconazole nitrate cream in terms of
clinical improvement, patient satisfaction, and toxic side effects. This indicates that the oxiconazole nitrate SLNs gel system

Table 3 Clinical Trials on SLNs and NLCs

Drug Nanocarriers | Administration Trail NTC
route Phase number
Tinea pedis/Tinea versicolor/Tinea Oxiconazole nitrate, SLN loaded gel | Topical application | NCTO03823040
circinate
Pain Lidocaine and prilocaine NLCs Topical application | NCT05912335
COVID-19 AAHI-SC2 Vaccine, AAHI-SC3 NLCs Intramuscular Il NCT05370040
Vaccine injection
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has great potential in the treatment of tinea fungal diseases.'*° In another crossover, randomized, placebo-controlled, double-
blind study, the clinical efficacy of a xanthan gum-based hydrogel (2%) containing a local anesthetic encapsulated in NLCs
was evaluated. Regrettably, the researchers of this study have not disclosed any findings. Another clinical trial aimed to
evaluate the safety, reactogenicity, and immunogenicity of an saRNA COVID-19 booster vaccine in participants previously
vaccinated or infected with COVID-19. However, this study was terminated before entering Phase II, probably due to safety
reasons. However, no studies have focused on IN delivery or the treatment of central nervous system diseases.

Recently, 3D printed models of the human nasal cavity (3D nasal models) have garnered increasing interest among
researchers, and are often used to assess the efficacy of IN-delivered agents, as well as intranasal deposition prior to in vivo
experiments. This approach helps to reduce the number of experiments conducted on animals and humans, and allows for
personalized adjustments based on individual patient anatomies.'*''** Nasal plaster is commonly used to create 3D nasal
molds.'** To make these models more closely replicate the actual human nasal cavity environment, artificial mucus or
coatings are used to simulate the mucous layer. This enhances the assessment of drug interception in moist nasal environ-
ments. Furthermore, techniques such as humidification and the use of flexible nasal sections are employed to further
approximate real conditions."*""'*> Pina Costa et al'*® developed diazepam-loaded NLCs (DZP-NLCs) and evaluated their
deposition pattern in a 3D nasal model to successfully obtain the optimal nasal deposition curve for DZP-NLCs. Thus, it is
evident that 3D nasal models have substantial potential for use in future research on IN delivery.

Conclusion

Overall, this paper provides a review of recent in vivo studies conducted on SLNs and NLCs delivered via IN
administration for the treatment of CNS disorders. Analyses of pharmacokinetic (PK) and bioavailability para-
meters showed that SLNs and NLCs significantly increased drug accumulation and targeting in the brain when
administered intranasally. In addition, PD assessments showed that drug-loaded SLNs or NLCs delivered intrana-
sally significantly improved CNS symptoms in rat models. Thus, despite many challenges, SLNs and NLCs have
great potential for use in treatment of CNS diseases via IN delivery. Future efforts should focus on developing
SLNs and NLCs formulations with greater stability, aiming to reduce drug release during storage and enhance
drug-loading capacity. Additionally, current research on the in vivo safety of SLNs and NLCs is relatively limited;
therefore, it is essential to design more animal or clinical trials to further investigate their potential toxic effects.
The 3D nasal membrane model shows significant advantages in evaluating intranasal deposition in vitro and could
be further developed to better assess the intranasal deposition patterns of SLNs and NLCs. It is expected that more
SLNs and NLCs formulations will enter clinical trials and be further used in clinical therapy in the future.
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