(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Nanotechnological approaches for efficient N2B delivery:
from small-molecule drugs to biopharmaceuticals

Selin Akpinar Adscheid-2, Akif E. Tireli!, Nazende Giinday-Tireli' and Marc Schneider 2

Review

Address:

1MyBiotech GmbH; IndustriestraBe 1B, 66802 Uberherrn, Germany
and 2Department of Pharmacy, Biopharmaceutics and
Pharmaceutical Technology, PharmaScienceHub, Saarland
University, Campus C4 1, Saarbriicken D-66123, Germany

Beilstein J. Nanotechnol. 2024, 15, 1400—1414.
https://doi.org/10.3762/bjnano.15.113

Received: 28 June 2024
Accepted: 22 October 2024
Published: 12 November 2024
Email:

Marc Schneider” - marc.schneider@uni-saarland.de This article is part of the thematic issue "Emerging targeting strategies
and next generation of nanomedicines".

* Corresponding author

Associate Editor: A. Salvati

Keywords:

antibody delivery; biopharmaceutical delivery; blood—brain barrier
(BBB); CNS diseases; drug delivery; hybrid nanoparticles; intranasal
delivery; liposomes; nanomedicine; nanostructured lipid carriers
(NLCs); polymer nanoparticles; RNA delivery; solid lipid nanoparticles
(SLNs)

© 2024 Akpinar Adscheid et al.; licensee
Beilstein-Institut.
License and terms: see end of document.

Abstract

Central nervous system diseases negatively affect patients and society. Providing successful noninvasive treatments for these
diseases is challenging because of the presence of the blood-brain barrier. While protecting the brain’s homeostasis, the barrier
limits the passage of almost all large-molecule drugs and most small-molecule drugs. A noninvasive method, nose-to-brain delivery
(N2B delivery) has been proposed to overcome this challenge. By exploiting the direct anatomical interaction between the nose and
the brain, the drugs can reach the target, the brain. Moreover, the drugs can be encapsulated into various drug delivery systems to
enhance physicochemical characteristics and targeting success. Many preclinical data show that this strategy can effectively deliver
biopharmaceuticals to the brain. Therefore, this review focuses on N2B delivery while giving examples of different drug delivery
systems suitable for the applications. In addition, we emphasize the importance of the effective delivery of monoclonal antibodies
and RNA and stress the recent literature tackling this challenge. While giving examples of nanotechnological approaches for the
effective delivery of small or large molecules from the current literature, we highlight the preclinical studies and their results to
prove the strategies’ success and limitations.

Introduction

The central nervous system (CNS) consists of the brain and the
spinal cord and is considered the body’s processing and control
center. While the brain controls most of the functions in the

body, the spinal cord carries messages from the brain to the

other parts of the body [1]. Like other systems and parts of the
human body, the CNS is susceptible to various disorders [2].
CNS diseases are a group of challenging pathological condi-

tions such as multiple sclerosis, Alzheimer’s disease, and
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Parkinson’s disease [3]. This group of diseases affects both
patients and society and causes one in nine deaths worldwide
[4]. For example, solely in 2019, there were nearly 10 million
deaths, and 349 million disability-adjusted life years were esti-
mated due to neurological diseases [5]. The estimated cost of
these diseases to the European healthcare budget is around
800 billion Euros per year [6].

From a pharmaceutical point of view, although there is an
immense network of cerebral vascularization, providing thera-
peutics for CNS diseases is considered a challenge because of
the existence of the blood-brain barrier (BBB, Figure 1), which
is composed of several cell types [7]. The BBB is a dynamic
and selective interface between the systemic circulation and the
brain [8]. The structure of the healthy BBB relies on the endo-
thelial cells and the tight barrier formed using tight junctions
[9-11]. These are surrounded by other cell types, such as astro-
cytes and pericytes. Astrocytes are crucial for the formation and
maintenance of the BBB, which leads to an adequate associa-
tion between the cells and the BBB. Pericytes are also impor-
tant regulatory cells for the homeostasis of the BBB. The inter-
action between astrocytes and pericytes plays a vital role in
brain vasculogenesis and the maintenance of the BBB [12].
Overall, the high selectivity of the BBB provides optimal condi-
tions for CNS homeostasis [13].

BBB as a biological barrier for effective CNS treatment and its structure
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Figure 1: Structure of the blood—brain barrier. The endothelial cells are
joined by tight junctions to form a barrier for metabolic functions. The
barrier is surrounded by a basal membrane, pericytes, and astrocytes.
Figure 1 was redrawn from [14] and created in BioRender. Akpinar, S.
(2023) https://BioRender.com/c51s574. This content is not subject to
CC BY 4.0.

Because of the presence of the BBB, most systemically admin-
istered drugs cannot reach the brain as a site of action. The BBB
is reported to limit the passage of 98% of small-molecule drugs
and almost all large-molecule therapeutics to the brain [15]. The
high density of the intact barrier prevents an easy penetration of

the barrier. The techniques to overcome the BBB can be inva-
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sive and noninvasive. As part of the invasive methods, disrup-
tion of the BBB with osmotic pressure and intrathecal delivery
have been proposed [16]. As examples of noninvasive methods,
intranasal drug delivery and bypassing the BBB by nanoparti-
cles can be counted. While the systemic route of administration
with the combination of drug delivery systems (DDSs) to cross
the BBB has been promising, the efficiency is often not yet
satisfactory [17]. Another noninvasive technique, nose-to-brain
delivery or nasal-to-brain delivery (N2B delivery), in contrast,
bypasses the BBB through a direct connection [18,19]. When
combined with nanotechnology, N2B delivery becomes even
more attractive since nanotechnology-driven DDSs have
enabled improved drug accumulation at the target site [20].

DDSs, such as polymeric or lipid-based nanoparticles (NPs),
can provide an opportunity to modify the release profile of the
drugs, enhance targeting efficiency, and improve nasal perme-
ation during intranasal administration [21-24]. In general, the
encapsulation of active pharmaceutical ingredients (APIs) into
mucoadhesive DDSs can mitigate rapid mucociliary clearance
[25,26] and protect the drug from biological or chemical degra-
dation or deactivation, which results in increased bioavail-
ability in the brain [18,27]. This is particularly important since
many other routes of administration pose multiple barriers and
lead to relevant drug degradation, which are huge challenges for
drug delivery. In intranasal administration, the structure of the
nose allows for an anatomical option to overcome some of those
barriers. Looking at N2B, one of the most significant barriers is
the nasal mucosa, where the drugs can be rapidly cleared
through mucociliary clearance. While it is a significant chal-
lenge for delivery, the same effect is not as significant in the
olfactory region, making this region one of the targets of the
N2B delivery. However, in this case, the limited surface area of
the region is considered a challenge to efficient administration
[28]. This route of administration also suffers from enzymatic
degradation including peptidase and protease activity, making it
challenging to deliver peptides and proteins [29,30]. Yet, the
intranasal route still yields lower enzymatic degradation and
higher bioavailability in the brain [31]. While the challenges of
the administration route and the barriers are clear, under-
standing the nasal anatomy and barriers as well as addressing
different efficient formulations with DDSs for N2B delivery ap-
plications remain open issues.

In recent years, biopharmaceuticals been shown to have great
potential as therapeutics [32]. However, their passage to the
brain is limited by the BBB, and they present incompatibilities
with the oral route of administration because of their tendency
to degrade [33,34]. In fact, this limitation is more pronounced
for large molecules than for small molecules. As an alternative,

researchers focus on intranasal administration of biopharmaceu-
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ticals to target the brain. In addition, using DDSs to deliver
biopharmaceuticals to the CNS can present additional advan-
tages such as enhanced retention on the mucosal surface, drug
stability, and bioavailability [35].

In this review, we focus on the recent developments in N2B
delivery and discuss the structure of the nasal anatomy and the
principles of intranasal administration, the principles of the
DDSs for N2B delivery, and the N2B delivery of biopharma-
ceuticals. To provide a current overview on the studies con-
ducted in this field, we focus on work published in the last five
years (2019-2024). We also enriched the review with different
studies from the last decade to highlight important previous

scholarly work.

Review
Nasal anatomy and intranasal drug delivery:
advantages and limitations

The nasal route of drug administration has gained attention over
the last decade and has become more attractive, especially with
the COVID-19 pandemic vaccine development research [36].
The anatomy of the nose allows for noninvasive administration
and plays a critical role in intranasal delivery [37]. The nasal
cavity has a highly vascularized anatomy and offers a relatively
large surface area [38]. Compared to the many other routes of
administration, it also has a more permeable structure [39].
These advantages make the nasal route suitable for local
delivery and systemic administration [40]. It offers various
benefits, including but not limited to a fast onset of action [41].
Intranasal delivery can be used to target a limitedly available
site, the brain [42]. These N2B delivery applications are based
on the olfactory region of the nasal cavity. Such N2B delivery
applications exploit the direct anatomical connection between
the brain and the olfactory region [43]. These direct anatomical
interactions make the olfactory region the primary target for
N2B delivery and bypass the BBB [21,44]. However, some
factors, such as high mucociliary clearance and short retention
time, small dosage volume, and the need for a drug delivery
device, limit N2B delivery (Figure 2) [45,46].

Anatomy of the nasal cavity: a brief
introduction

The nose has a complex anatomical structure and is responsible
for the olfactory and respiratory actions of the human body. The
nasal cavity comprises the vestibule, as well as olfactory and
respiratory regions [47]. The nasal vestibule is the anterior part
of the nasal cavity. The latter parts, olfactory and respiratory
regions, have the possibility for further drug absorption but
differ in their routes of drug delivery pathways. Although the

olfactory mucosa is predominantly targeted for N2B delivery
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Figure 2: Advantages and limitations of N2B delivery. Figure 2 was
created in BioRender. Akpinar, S. (2023) https://BioRender.com/
t58u758. This content is not subject to CC BY 4.0.

applications, the respiratory mucosa is also being investigated
because it is innervated by the trigeminal nerve and provides a
possible indirect transport of the drugs to the brain via a
systemic pathway [48].

The focus of research interest is the olfactory region in the
upper part of the nasal cavity lined up with the olfactory epithe-
lium. It consists of three primary parts, namely, olfactory
epithelium, lamina propria, and the basement membrane [49].
The olfactory epithelium is the specialized epithelial tissue
mainly formed by basal, supporting, and olfactory sensory
neurons [50]. The olfactory sensory neurons are bipolar neurons
and chemoreceptors, which play an essential role in recog-
nizing odor [51]. They deliver information to the olfactory bulb,
where it is processed [52]. Below the olfactory epithelium is
another part of the olfactory region, the lamina propria, which
contains different cell types, including Bowman’s glands, re-
sponsible for producing mucus [53]. The lamina propria is also
the region where the olfactory sensory neurons start and form
the installments of the olfactory sensory neurons [54]. The
respiratory mucosa, in contrast, lines with the respiratory
epithelium and contains mainly ciliated cells, goblet cells, and
basal cells [55].

Transport mechanisms for N2B delivery

The transport mechanisms for the N2B delivery are yet to be
fully understood. It is suggested that olfactory and trigeminal
nerves are responsible for direct transport to the brain through
the nasal route (Figure 3). For the olfactory pathway, the drugs
pass through the cribriform plate and are projected to the olfac-
tory bulb [21]. In addition to the olfactory path, there is the
trigeminal pathway, the largest and fifth cranial nerve [56].
Even though the trigeminal pathway is less explored than the
olfactory pathway, a study by Li et al. showed that the trigem-
inal pathway could be the dominant pathway for the N2B
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Figure 3: The anatomy of the nasal cavity and the suggested direct and indirect transport mechanisms for N2B delivery. The direct transport of the
drugs can be within the olfactory epithelium or the trigeminal nerve. Figure 3 was redrawn from [59] as well as [60] and created in BioRender. Akpinar,
S. (2023) https://BioRender.com/h18x614. This content is not subject to CC BY 4.0.

delivery of intact polymeric NPs [57]. Furthermore, because of
the highly vascularized nature of the respiratory region of the
nose, drug transport can also follow a systemic pathway through
this region [58].

N2B drug transport includes intracellular, paracellular, and
extracellular mechanisms [42]. While the intracellular pathway
is based on the drug’s internalization by the neurons followed
by axonal transport, the extracellular pathway is based on the
drugs’ transport through the paracellular space [61,62].

Drug delivery systems for N2B delivery

applications

DDS can deliver the encapsulated APIs to the brain using olfac-
tory or trigeminal pathways while protecting the drug from bio-
logical and chemical degradation. Moreover, they can provide
target-specific delivery via surface modifications and provide
significant tailorable release properties to the encapsulated
drugs. N2B delivery applications present increased efficacy and
safety of the drugs in contrast to application of free drugs [63].
The physicochemical characteristics of the DDSs are important
in determining the success of drug carriers for CNS targeting.
For example, size, shape, and surface characteristics of a DDS
directly affect cellular transport and uptake, biodistribution, and
the interaction with biological interfaces [64,65]. Regarding
particle size, NPs with a size of approx. 15 nm or below were
observed to penetrate the olfactory bulb thanks to the paracel-
lular space in the olfactory epithelium [66]. However, because

of their small particle size, they could be more suitable for

imaging applications rather than drug delivery. Moreover, NPs
with sizes up to 300 nm were found and considered suitable for
intranasal delivery [67,68]. Significant portions of the NPs
studied for N2B delivery are approx. 200 nm, which is the aver-
age size of olfactory exons [44,60]. Rejman et al. demonstrated
that the clathrin-mediated pathway of endocytosis has an upper
limit for internalization of approximately 200 nm. Their study
also revealed that an increase in particle size led to a shift
towards caveolae-mediated internalization, the primary path-
way for particles sized around 500 nm [69]. This shows the pos-
sibility of an even more extended particle size range to be
considered for N2B delivery [69]. Regarding surface character-
istics, chitosan-coated NPs can be a good example, as positive-
ly charged chitosan and its derivatives interact with negatively
charged mucin. This interaction can enhance the NPs’ resi-
dence time in the nasal cavity [70]. To delve into different prop-
erties of these DDSs in detail, the next section focuses on solid
lipid NPs, polymeric NPs, liposomes, emulsions, and novel
hybrid NPs and their potential use as DDSs in N2B delivery
(Figure 4).

Polymeric NPs

Because of their tunable physicochemical characteristics, poly-
meric NPs are a potential vehicle for different drug delivery ap-
plications [71]. They can be prepared with simple production
methods [72], and there are also efforts made regarding reason-
able upscaling [73-76]. Among the natural polymers, chitosan
and its derivatives could provide many advantages to brain

delivery because of their mucoadhesive properties, which
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Figure 4: Different potential nanocarriers for N2B delivery: SLNs, poly-
meric NPs, liposomes, and emulsions. Figure 4 was created in
BioRender. Akpinar, S. (2023) https://BioRender.com/r14d536.

increase mucosal retention [77]. In addition to biopolymers,
synthetic biodegradable and biocompatible polymers such as
poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid)
(PLGA), which are approved by the US Food and Drug Admin-
istration (FDA) for human administration [78] are relevant

options.

Extensive testing has been conducted for polymeric nanoparti-
cles to understand their role in N2B delivery. For instance,
Gabold et al. reported the preparation of protein-loaded chitosan
NPs decorated with transferrin as a proof-of-concept study to
demonstrate a versatile surface functionalization that can also
be suitable for N2B delivery. They showed that the transferrin-
decorated NPs with the highest amount of targeting ligand
exhibited the highest cellular uptake in the RPMI 2650 human
epithelium cell line [79].

In another study, the researchers studied the chitosan coating of
PLGA NPs regarding the mucosal uptake. Chatzitaki et al. re-
ported the encapsulation of ropinirole hydrochloride (RH), an
anti-Parkinson drug, into chitosan-coated PLGA NPs by the
nanoprecipitation method to enhance drug delivery through the
nasal mucosa. The researchers assessed the mucoadhesive prop-
erties by observing the ability of the NPs to adsorb mucin.
While the presence of the mucin did not significantly alter the
negative surface charge of the PLGA NPs, the more negative
zeta potential values of the PLGA-chitosan NPs showed that
there was an interaction with mucin. Following this, the
RH-loaded NPs showed 3.22-fold enhanced drug permeation
through sheep nasal mucosa compared to their non-coated
PLGA counterparts [80].

Beilstein J. Nanotechnol. 2024, 15, 1400-1414.

In another study by Spindler et al., the researchers prepared
PLGA NPs in batches of different sizes, as well as chitosan-
coated PLGA NPs, to study the uptake mechanisms of these
particles into the olfactory mucosa through ex vivo permeation
studies. The PLGA NPs showed size- and time-dependent
uptake mechanisms. For instance, PLGA NPs with particle sizes
of 80 and 175 nm were taken up after only 5 min in the lamina
propria; after 15 min, PLGA NPs with a particle size of 520 nm
were associated with nuclei. Additionally, the authors presented
that PLGA NPs with larger particle sizes (520 nm) were
accumulated in neural bundles. They showed that this accumu-
lation could enable intracellular uptake in neuronal axons and
further provide transcellular transport with the olfactory or
trigeminal nerve pathways [81]. It should be noted that while ex
vivo studies provide advantages such as simplicity of the
procedures and high tissue availability, differences in tissue
morphologies should be considered [82]. These results
regarding the larger particle size (520 nm) are particularly inter-
esting.

Although particle sizes generally considered suitable and re-
ported for N2B delivery are 200 nm and below [83], a computa-
tional study revealed that NPs with a size of 500 nm could also
be deposited in the olfactory region (although to a lesser extent
than the smaller NPs); however, it should be noted that the
computational model only provides limited insights as some
factors, such as injection position and the effect of the mucus
layer, were not considered [84]. The study also highlighted that
the chitosan coating favored the penetration in the mucosa. This
was attributed to the swelling of chitosan at the pH value of the
healthy nose and the well-studied tight junction opening abili-
ties of chitosan [85].

In another study on the mucoadhesion and permeation proper-
ties of materials, a thiolated cellulose was synthesized and used
for delivering a model drug, enoxaparin. The authors reported
that thiolation increased mucoadhesion by a factor of 9.6 in
porcine intestinal mucosa, while the apparent permeability was
increased 2.2-fold. These results showed that thiolated cellu-
lose could also be a candidate for enhancing mucoadhesion and
permeability, and this polymer could also be studied regarding
nasal mucosa permeation in the future [86].

Liposomes

Liposomes are another type of DDS that has been extensively
investigated over the years [87-89]. The structure of a liposome
contains a lipid bilayer surrounding an aqueous core, which
offers advantages in encapsulating both hydrophobic and hydro-
philic substances [90]. The additional advantages of liposomes
include, but are not limited to, high biocompatibility,

biodegradability, and prolonged retention in the blood stream
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when pegylated [91]. Despite their significant advantages, lipo-
somes could also suffer from disadvantages such as short half-
life in the body environment and drug leakage [92]. However,
liposomes are still considered one of the most prominent DDS
classes and have seen significant commercialization with
twenty-one approved products [93]. While liposomal formula-
tions have been on the market for some time, no liposomal
product for CNS diseases exists. Even though they can act as
lipophilic DDSs, because of their size, they generally cannot
cross directly the BBB and are instead transported via adsorp-
tive-mediated transcytosis and receptor-mediated transcytosis
[94,95]. The literature addresses different examples of lipo-
somal formulations for N2B delivery as an alternative route of
administration [60]. For instance, Dhaliwal et al. presented a
cationic liposomal formulation loaded with luciferase mRNA to
evaluate the intranasal delivery to the brain in a murine model.
Positively charged liposomes both enhance the interactions with
anionic mRNA, leading to complexes between these materials,
and the intracellular uptake for gene delivery. The authors
encapsulated luciferase mRNA in the cationic liposomal formu-
lation to quantify the mRNA expression distribution in the
brain. The results of the in vivo studies with mice showed a
dose-dependent increase in luciferase activity in the whole brain
after the administration. Moreover, compared to the mRNA
administration without liposomal formulation, the encapsulated
mRNA showed higher mRNA expression than the control
group, indicating successful delivery of mRNA through
intranasal delivery [96]. While the results are promising, it
should be also noted that most of the in vivo studies are con-
ducted with mice and rats. However, nasal administration
depends on multiple factors from administration device to the
total volume of administration, and these are limited for small
animals such as mice and rats. In fact, rats were found to be
very different from humans. Large animals (e.g., rabbits and
dogs) are more suitable for assessing in vivo pharmacokinetics
and pharmacodynamics more accurately and as closely as
possible to the human situation [24].

In another study by Salade et al., the researchers designed
chitosan-coated ghrelin-loaded liposomal formulations to be
introduced intranasally as an alternative to exogenous ghrelin
administration to manage cachexia. The results highlighted dif-
ferent advantages of anionic liposomes over cationic liposomes.
Anionic liposomes protected the drug from enzymatic degrada-
tion and showed higher encapsulation efficiency for the posi-
tively charged ghrelin at pH 7.4, indicating that the choice of
the anionic/cationic liposomes should be based on the desired
application as well as the encapsulated substance. Moreover, a
chitosan chloride coating increased mucin adsorption by
approximately 30% compared to non-coated counterparts,

where this derivative was chosen because of its solubility at
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physiological nasal pH [97]. Additionally, the powder form of
the formulation showed stronger mucin adhesion and better
enzymatic degradation protection [98]. Moreover, researchers
developed in situ esculin-loaded nanoliposomes for intranasal
administration for treating Parkinson’s disease. Ex vivo studies
further confirmed the enhanced permeation of the nanolipo-
somal formulation compared to the suspension form by approxi-
mately 40% [99].

Solid lipid NPs and nanostructured lipid

carriers

Solid lipid NPs (SLNs) are prepared from lipids that are solid at
room temperature, which are then stabilized by surfactants
[100]. While both liposomes and SLNs are considered biocom-
patible and biodegradable, SLNs provide increased stability
because of their rigid core [101]. Nevertheless, SLNs suffer
from the low drug loading capacity and drug expulsion during
storage because of an increased crystallization tendency [102].
Researchers developed a second generation of lipid-based drug
carriers called nanostructured lipid carriers (NLCs). Unlike the
SLNs, the core structure of the NLCs is composed of both
liquid and solid lipids. The non-ideal crystalline structure of the
NLCs reduces the crystallinity degree, thus offering enhanced
drug loading capacity while preventing drug expulsion [103].
Because of their advantages, such as improved encapsulation of
lipophilic drugs and increased brain availability, SLNs and
NLCs have been previously studied for delivery through the
BBB [104,105].

SLNs and NLCs were also in focus for the development of
intranasal formulations. For instance, rotigotine, a drug with
low oral bioavailability, was loaded in SLNs to be tested against
Parkinson’s disease. The optimized formulations demonstrated
long stability and permeability through goat nasal mucosa
[106]. Zafar et al. also encapsulated rotigotine in chitosan-
coated NLCs. They optimized the chitosan-coated NLCs by
design of experiment (DoE) using a three-level Box—Behnken
design, and the final formulation presented a mean particle size
of 170 nm, a PDI value smaller than 0.2, and a mean entrap-
ment efficiency of approximately 82%. A significantly higher
permeation of goat nasal mucosa was shown for the optimized
formulation as well as an enhanced bioavailability (3.2-fold
higher bioavailability for the optimized formulation compared
to the intranasal application of API suspension and a 2.1-fold
higher bioavailability compared to the intravenous application
of the same formulation) [107]. In another study on chitosan-
coated NLCs, Yasir et al. encapsulated donepezil, an anti-
Alzheimer’s drug, for N2B delivery. The optimized formula-
tion showed a mean particle size of 192 nm with good entrap-
ment efficiency close to 90%. The study also presented a higher

bioavailability for the NP formulation compared to the drug in

1405



solution (by a factor of 2.02), as well as higher bioavailability in
the brain for the intranasal administration compared to the intra-
venous administration of the NP formulation (by a factor of
2.41) [108]. In another study, NLCs were designed and opti-
mized by 32 full factorial design for the encapsulation of cloza-
pine, an anti-schizophrenia drug suffering from low bioavail-
ability after oral administration. The optimization process
yielded optimized NLCs with a particle size of 178 nm of and
an entrapment efficiency of 77%. The in vivo pharmacokinetic
study showed that intranasal administration of the optimized
NLC formulation led to significantly faster drug absorption and
greater clozapine concentration in the brain by a factor of 6.15
compared to the oral clozapine tablet [109].

Nanoemulsions

Emulsions are colloidal systems consisting of two immiscible
liquid phases where one phase is dispersed in the other.
Nanoemulsions can be prepared via low-energy or high-energy
methods, including microfluidics and high-shear-force homoge-
nization [110]. As DDS, nanoemulsions can be reservoirs for
encapsulating hydrophobic substances [111]. Moreover, emul-
sions of emulsions or double emulsions can be prepared by
dispersing the droplets of primary emulsion into another liquid
phase. Double emulsions can be a reservoir for hydrophilic
substances. They decrease bioactive degradation and are also
used as DDSs for the nasal administration route [102]. As an
example of nanoemulsions for intranasal drug delivery, Gaba et
al. developed vitamin E/naringenin nanoemulsions to treat
Parkinson’s disease. The in vivo studies with Wistar rats
showed that the concentration of the drug in the brain was sig-
nificantly higher (approx. 3.34-fold) when the drug was encap-
sulated into nanoemulsions and when the formulation was
administrated via the intranasal route instead of the intravenous
route This result presents an even higher drug concentration
compared to previously presented differences in drug bioavail-
ability in the brain after intravenous and intranasal administra-
tion using NLCs by Patel et al. and Zafar and colleagues. This
could be attributed to the formulation development and the
small globule size (approx. 38 nm) enhancing the transport of
the drug via the nasal route compared to the other formulations
with particle sizes larger than 170 nm. While NPs with particle
sizes smaller than 200 nm are generally considered optimal for
N2B delivery studies, NPs with significantly smaller particle
sizes, such as above case (38 nm), could also enhance the trans-
cellular pathway through olfactory neurons and could provide

advantages in N2B delivery [112].

Choudhury et al. encapsulated rotigotine into mucoadhesive
nanoemulsions to test the effect of mucoadhesive properties in
ex vivo permeation studies. Although more relevant conclu-

sions can be made from in vivo studies as they also represent
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different barriers and the complexity of living organisms, the
simplicity of ex vivo studies is advantageous as they focus
directly on the permeation process providing straightforward
data that can be used before, and complimentary to, in vivo
studies [82]. In the ex vivo permeation studies, the mucoadhe-
sive nanoemulsions demonstrated a 1.40-fold enhancement in
permeability through nasal mucosa compared to non-mucoadhe-
sive nanoemulsions [113]. Recently, mucoadhesive nanoemul-
sions loaded with mefenamic acid and stabilized with toco-
pherol polyethylene glycol succinate (TPGS) were proposed
against Alzheimer’s disease. TPGS, a water-soluble precursor
of vitamin E, was used in the formulation to reduce the
amyloid-beta-induced oxidative stress [114]. In vivo tests on
Wistar rats highlighted that the mucoadhesive nanoemulsion
formulation with a particle size of 91.20 nm increased the drug
absorption into the brain via the intranasal route compared to
the mucoadhesive suspension form [115]. The encapsulation of
a poorly soluble drug, cannabidiol, into nanoemulsions for the
treatment of epilepsy was also evaluated. The intranasal admin-
istration of the formulation also showed better permeation in ex
vivo studies with goat nasal mucosa and higher drug concentra-
tion in the brain in in vivo studies with Wistar rats compared to
plain cannabidiol [116].

Hybrid nanoparticles

Each NP class represents exclusive advantages for therapeutic
applications. For example, polymeric NPs exhibit easily tunable
surface properties [117], lipid NPs offer high bioavailability and
-compatibility [118], and inorganic NPs provide unique magnet-
ic or optical properties [119]. Moreover, DDSs can be conju-
gated with ligands and coated with mucoadhesive materials to
tailor them for therapeutic applications. Because of the unique
benefits and to avoid limitations such as burst release, low en-
capsulation efficiency, and toxicity [120], researchers have been
combining NPs to develop hybrid NPs. Hybrid NPs are nano-
particles prepared by a combination of at least two NP classes
to enhance the applications of the DDSs, which exhibit unique
properties that are not possible by using only one single NP
class [121]. For instance, there has been a growing interest in
developing lipid—polymer hybrid NPs to benefit from the prop-
erties of different NP classes. Lipid—polymer hybrid NPs are
core—shell structures with a polymeric core and lipidic coat
[122]. While drug loading and permeability are regulated by
the lipidic coat, the polymeric core determines the release
properties of the NPs [123]. Lecithin (lipid)—chitosan (polymer)
NPs have been studied for N2B delivery for poorly soluble
drugs [124]. In addition to lipid—polymer hybrid NPs, inorgan-
ic—polymer and organic—polymer NPs have also been studied.
In Table 1, we present different hybrid NPs developed in the
past couple of years for N2B delivery, and we describe key

findings from ex vivo and in vivo studies in Table 2.
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Table 1: Summary of hybrid NPs for N2B delivery.

Hybrid NPs

lipid—polymer

gold—iron oxide
carbon—polymer

lecithin—chitosan

polymer/surfactant/

cyclodextrin

Drug Disease

rivastigmine—  Alzheimer’s
DHA ion-pair  disease

complex

selegiline Parkinson’s
disease

ergotamine & migraine

caffeine

therapeutic glioblastoma

miRNAs

galantamine  Alzheimer’s
disease

rotigotine Parkinson’s
disease

pripedil Parkinson’s
disease

simvastatin neuroinflammatory
diseases

phenytoin epilepsy
ropinirole Parkinson’s
hydrochloride disease

Particle size

160.8 + 0.5 nm (negatively
charged NPs); 132.4 + 3.8 nm
(positively charged NPs)

184.8 £ 72.5 nm to

226.7 £ 82.1 nm
239.5+2.3nm

53.2 nm

2416 £ 0.3 nm

108.0 £ 4.0 nm

147.5+7.9 nm

217.8+12.1 nm

120.4 + 38.4 nm (optimal NP)

various

Table 2: Summary of hybrid NPs for N2B delivery: key features and significant results.

Hybrid NPs

lipid—polymer

gold—iron oxide

carbon—polymer

lecithin—chitosan

polymer/surfactant/

cyclodextrin

Key features

the ion-pair complex enhanced the drug loading,
and the cationic NPs showed enhanced amyloid

inhibition

NPs were prepared by the single emulsion
method and showed a high entrapment

efficiency of more than 80%

the NPs with lipid/polymer ratio of 15% showed
controlled release profile and a high entrapment

efficiency of >86%

NPs functionalized with chitosan—cyclodextrin
enabled negatively charged miRNAs and
provided a suitable particle size for intranasal

delivery

absorption of the drug to the hierarchical porous
carbon positively influenced the release profile

of the drug

increased mucociliary transport time was
attributed to the presence of chitosan in the

formulation
the DDS has been incorporated in a

thermo-responsive in situ gel made of
methylcellulose to decrease mucociliary

clearance

enzyme triggered drug release in mucus, and
chitosan coating enabled enhanced permeation

encapsulation efficiency >60% and drug release

controlled by chitosan amount

thermo-responsive properties; the presence of
surfactant and cyclodextrin did not alter the

surface tension properties

Significant ex vivo or/and in vivo results

Zeta potential

-39.3 £ 1.2 mV (negatively
charged NPs); +36.4 + 0.6 mV
(positively charged NPs)

-16.23+ 1.3 mVto

-28.21£24mV
-18.4+6.6 mV

3.8 mV

-19.8+0.1 mV

+149+0.5mV

+18.1 £ 0.6 mV

+443 21 mV

52.2 + 0.5 mV (optimal NPs)
from -20.5 £ 6.0 mV to

-6.1+£2.0mV

the thermoresponsive gel is embedded in hybrid
NPs; enhanced pharmacokinetic parameters

compared to drug—gel formulation

enhanced brain availability in comparison to an
orally applied solution

4.35-fold enhanced brain uptake via intranasal
administration

when mice were treated with hybrid NPs
(T7-polyGIONs loaded with miR100/antimiR-2),
they had increased survival compared to control
groups

reached the hippocampus only one hour after
administration

enhanced brain availability of the drug by a
factor of 7.86 and an increase (3.84-fold) in

peak brain drug concentration

in situ gel formation with embedded hybrid NPs;
enhanced relative bioavailability of the drug in

the brain by a factor of about 6.4 and maximum
plasma concentration reduced by a factor of 3.7

higher drug permeation across
mucus-producing nasal epithelium cell model
(RPMI 2650) compared to suspension

formulation (11-fold)

sustained accumulation of the drug in the brain
when administered intranasally with NPs

enhancement of up to 50% in permeation
compared to ropinirole solution in ex vivo
permeation studies through rabbit nasal mucosa
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N2B delivery of biopharmaceuticals
Biopharmaceuticals have been described in the literature as an
advanced therapeutic option for CNS diseases. One of these ad-
vanced therapeutics are monoclonal antibodies (mAbs), which
are generated from B cells and are antigen-specific [134]. The
advantages, including high specificity and affinity towards
target antigens, make therapeutic monoclonal antibodies one of
the highlights of pharmaceutical industry [135]. As a result, an
increasing number of FDA-approved mAb-based therapeutics
are on the market for treating CNS diseases. For example, for
treating multiple sclerosis (MS), Ocrevus, based on the CD20-
targeting mAb ocrelizumab, is projected to have the highest
growth in sales by 2025 [136]. Moreover, aducanumab, a mAb
IgG1, was approved for treating Alzheimer’s disease in 2021
[137]. Even though there are successful examples, using the full
potential of mAbs for treating CNS diseases is limited. It is esti-
mated that only 1 in 1000 antibodies can reach the brain with a
concentration as low as 0.1% of the injected dose [138]. As an
example, aducanumab can be mentioned. Although it has low
BBB passage, it targets the brain amyloid plaque at high injec-
tion doses. However, these doses can also cause BBB disrup-
tion [139]. Researchers are working on the focused-ultrasound-
mediated delivery of aducanumab by shortly opening the BBB,
indicating the need for novel targeting strategies for mAbs
[140]. As another example, ocrelizumab showed modest disease
progress in clinical trials [141,142] although only a limited
amount of the CD20 antibodies can cross the BBB. This can be
attributed to their large size and degradation-prone nature
[143,144].

In addition, therapy with small interfering RNA (siRNA) is also
considered a powerful tool for modulating gene expression
through gene silencing, and it can open new doors for disease
treatments [145]. Currently, patisiran, givosiran, lumasiran,
inclisiran, nedosiran, and vutrisiran are siRNA-based drugs ap-
proved by FDA for treating different diseases [146]. Besides
these successful efforts, their delivery to the site of action with
the highest efficiency and without toxicity or enzymatic degra-
dation is considered a challenge [147]. Therefore, using DDSs
to deliver biopharmaceuticals via N2B will provide increased
stability and targeting potential.

Meredith et al. [148] and Patharapankal et al. [149] presented
critical literature reviews on N2B delivery of peptides and pro-
teins. Considering the recent advancements and publications in
the field, we highlight N2B delivery of biopharmaceuticals
while emphasizing mAbs, RNA delivery, and NP functionaliza-
tion techniques for better targeting the brain [150].

Despite the advantages of mAbs, a limited number of studies is

available with respect to N2B delivery for treating CNS

Beilstein J. Nanotechnol. 2024, 15, 1400-1414.

diseases. The challenge of delivering these molecules and the
lack of extensive research compared to other biopharmaceuti-
cals could be attributed to their large molecular size, low
stability, and high required doses, which limit their formulation
options with DDSs [151]. However, the trend has changed, and
more research highlighting nanotechnological approaches for
delivering mAbs via the nasal route has been available [152].
For instance, Musumeci et al. worked on the absorption of
mAbs neutralizing the tumor necrosis factor-related apoptosis-
inducing ligand on the surfaces of polymeric NPs and NLCs for
the treatment of Alzheimer’s disease. The in vivo studies in a
mouse model showed that polymeric NPs and NLCs reached
the brain via N2B delivery. They also showed that the adsorp-
tion of the monoclonal antibody onto the NPs led to an increase
in particle size and influenced the distribution of NPs in the
hippocampus, indicating another critical factor for N2B
delivery, namely, the particle size of NPs [153]. In another
study with mAbs, Ferreira et al. developed and optimized a
system of PLGA and oligomeric chitosan for the co-delivery of
alpha-cyano-4-hydroxycinnamic acid and the monoclonal anti-
body cetuximab to the brain for glioblastoma therapy. The
cetuximab conjugation on the NP surface improved the cytotox-
icity profile, and a chicken chorioallantoic membrane assay
showed enhanced antiangiogenic effects for the mAbs-conju-
gated NPs. The authors showed that mucoadhesive NPs with
enhanced antiangiogenic effects could be a good candidate
[154]. In another study examining glioblastoma therapy via the
antibody conjugation strategy, Chu et al. reported on ephrin
type-A receptor 3 (EPHA3) tyrosine kinase antibody-modified
PLGA NPs. The NPs were coated with N-trimethylated
chitosan (TMC) to overcome nasal clearance and, thus, increase
brain delivery. The TMC-coated NPs showed increased cellular
uptake compared to the non-coated NPs in cell uptake studies
with C6 cells. Moreover, when glioma-bearing rats were treated
with the NPs, the median survival was increased by a factor of
1.37 [155].

Regarding RNA delivery, recent literature specifically stresses
the delivery of siRNA. siRNAs are regarded as an effective and
attractive strategy to inhibit specific genes; therefore, there is
the possibility of studying single gene function through N2B
delivery [156]. In order to deliver RNA efficiently to the brain,
different DDSs, such as exosomes, lipid NPs, lipoplexes, and
polyplexes, were formulated, and their efficiency to successful-
ly deliver RNA were tested in vivo (Figure 5) [157]. For exam-
ple, chitosan-based nanoparticles loaded with anti-huntingtin
siRNA were formulated and tested in the transgenic YAC128
mouse model of Huntington’s disease. The formulations suc-
cessfully reduced the mRNA expression by at least 50% [158].
In another study, chitosan was combined with manfafodipir to
allow for MRI visualization and to deliver anti-eGFP siRNA

1408



Examples for nanocarries
for RNA delivery

Lipoplex Polyplex

Beilstein J. Nanotechnol. 2024, 15, 1400-1414.

Direct
nose-to-brain
drug delivery

b

Figure 5: RNA delivery tools for N2B delivery. Figure was created in BioRender. Akpinar, S. (2024) https://BioRender.com/i39k654.

and double-stranded DNA. The formulation offered advantages
over others as an effective tracker. It confirmed the accumula-
tion of NPs in the olfactory bulbs and other regions of the brain
via intranasal administration [159].

Additionally, Jeong et al. focused on another widely used com-
plex vector, polyplexes. They took the approach one step
further and combined these polyplexes formed by a cationic
polymer and anionic mRNA with a photosensitizer for photo-
chemical internalization and subsequent enhancement in
delivery to the cytoplasm. They showed that laser irradiation in-
creased the mRNA expression in the cytoplasm [160]. In addi-
tion to polyplexes, lipoplexes, another widely used vector, have
also been studied for siRNA delivery. For instance, Hu et al. de-
scribed the encapsulation of siRNA (specifically of c-Myc-
targeting siRNA) in a core—shell lipoplex for treating glioblas-
toma [161].

The delivery of RNA can also be increased by functionalization.
One of the most popular functionalization choices is a 29
amino-acid peptide derived from the rabies virus glycoprotein
(RVG29) as it enhances brain targeting [162]. Therefore,
researchers combined RVG29 and RNA delivery to further
improve the expression of the RNA. For instance, Hao et al.
modified RVG29 by a PEG-PLGA polymer and encapsulated
microRNA(miR)-124 via double emulsion to synthesize NPs
for ischemic stroke treatment. The results in in vivo studies
showed that NPs entered the brain rapidly, and the modifica-
tion with PEG and RVG29 improved the intranasal delivery of
the NPs [163]. Li et al. also worked on RVG29 and developed
core—shell lesion-recognizing NPs consisting of RVG29

peptide-modified mesenchymal stem cell-derived exosomes as

the shell and a reactive oxygen species-responsive polymer
loaded with siRNAs as the core for the treatment of
Alzheimer’s disease. The results indicate that the formulation
efficiently passed the nasal mucosa and reached the targeted
brain areas [164].

Conclusion

Despite extensive research on providing effective therapeutic
strategies for CNS diseases, the treatment of these diseases
remains a challenge because of the presence of the BBB. The
BBB restricts the passage of large and small molecules to the
brain. Intranasal drug delivery could be a noninvasive solution
to these limitations. While it offers advantages due to the direct
anatomical route between the brain and the nose allowing for a
new path for drugs to bypass the BBB, intranasal drug delivery
also has limitations. These are primarily related to the low
retention time of drugs in the nasal cavity due to mucociliary
clearance. Also, there might be a need for additional targeting
strategies to enhance brain targeting. Providing extra stability to
the drugs through their tailorable characteristics, DDSs could be
used to efficiently target the brain and minimize rapid nasal
clearance. They can be combined with ligands to advance the
targeting to the brain and exhibit mucoadhesive properties to
help the drug reach the brain.

Recent literature highlights SLNs, NLCs, liposomes, polymeric
NPs, and emulsions. While lipid-based NPs are favorable
because of their lipophilicity and biocompatibility, polymeric
NPs offer greater control over drug release, stability, and me-
chanical properties [123]. Furthermore, there is much recent
research on using nanoemulsions for N2B delivery for

lipophilic drugs because of their high encapsulation efficiency.
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Moreover, hybrid NPs can exhibit enhanced properties that a
single NP type does not have. Therefore, recent literature
focuses on many different hybrid NPs and highlights the possi-
bility of even more advanced and combined benefits of using
NPs for intranasal drug delivery. It should also be noted that
there has been a shift in the type of drug molecules studied for
N2B delivery. The current research applies advanced therapeu-
tics such as mAbs and RNA for efficient and specific targeting.
In N2B delivery, DDSs provide them stability and the ability to
penetrate biological barriers through their tailorable surface
characteristics. Among biopharmaceuticals, siRNAs also stand
out because of their selectivity for a single gene, bringing new
opportunities to provide solutions to CNS diseases. Thus, N2B
delivery offers significant benefits for treating CNS diseases but
also suffers from limitations. Nanotechnological approaches in
N2B delivery enabled enhanced properties that allow the drugs
to reach the target. However, the choice of DDS and targeting
strategy depends on the type of disease and the drug molecule
studied. Despite the advances in N2B delivery, the current data
stresses mostly preclinical studies and their outcomes. While
nanotechnological applications show a large potential in N2B
delivery, the transition of NP-based formulations from preclin-
ical to clinical trials is limited. For biopharmaceutics, no such
trials have been started yet. Only APH-1105, an investigational
nanomaterial-based small-molecule drug product in the form of
sterile, pyrogen-free lyophilized powder is investigated for the
intranasal administration to treat Alzheimer’s disease in ongo-
ing clinical trials [165]. However, more research is still needed
regarding clinical studies and the commercialization of these
strategies. Therefore, commercialization and scale-up should be
the next steps in the future of N2B delivery research.
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