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Preface

In drug discovery and development, membrane impermeability poses a serious challenge,
resulting in insufficient drug efficacy and off-target side effects. Particularly, central nervous system
drugs for conditions such as Alzheimer’s disease, Parkinson’s disease, and glioma struggle to
penetrate the blood-brain barrier (BBB) due to tight junctions and efflux transporters in capillary
endothelial cells, presenting unmet medical needs for many patients. Innovative drug delivery
strategies must be developed to address this issue in a non-invasive manner. Therefore, the Special
Issue titled “Non-Invasive Device-Mediated Brain Drug Delivery across the Blood—Brain Barrier” was
designed to serve this purpose. We have gathered excellent papers aimed at achieving delivery into
the brain across the BBB. We greatly appreciate the contributions of the authors. This time, we will
provide the content as a reprint, including one Editorial, one Communication, four Articles, and five
Reviews. We hope readers will gain insights into the latest scientific advancements to enhance their

research endeavors.

Nicolas Tournier and Toshihiko Tashima
Editors
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We will be serving as the Guest Editor for this very interesting Special Issue on “Non-
Invasive Device-Mediated Drug Delivery to the Brain Across the Blood—Brain Barrier”. It is
well-known that the blood-brain barrier (BBB) [1,2], which is substantially composed of
tight junctions [3] between the capillary endothelial cells and efflux transporters such as
multiple drug resistance 1 (MDR1, P-glycoprotein) [4] at the apical membrane of the capil-
lary endothelial cells, prevents drugs from entering the brain. Accordingly, drug delivery
into the brain across the BBB is a challenging task, particularly in central nervous system
(CNS) diseases such as Alzheimer’s disease (AD) [5,6] and Parkinson’s disease (PD) [7],
as well as brain cancers such as glioma [8]. It is true that drugs in systemic circulation go
through intentional membrane disruption or intentional tight junction disruption into the
brain across the BBB [9], but bystander harmful compounds can enter the brain together.
Moreover, although craniotomy is often conducted for surgical removal or direct drug
administration, this process burdens and torments patients. Thus, non-invasive, device-
mediated drug delivery across the BBB should be developed to improve patients” health
and quality of life. At present, brain-based drug delivery systems that utilize biological
transport machineries such as carrier-mediated transport, receptor-mediated transcytosis,
lipid-raft-mediated transcytosis, or macropinocytosis at the BBB have been extensively
investigated [10]. This Special Issue aims to share the recent progress and trends in this field.

The delivery of drugs across the cell membrane is achieved using vectors such as
monoclonal antibodies (mAbs) [11], cell-penetrating peptides (CPPs) [12], or tumor-homing
peptides (THPs) [13]. It is suggested that negatively charged heparan sulfate chains branch-
ing from proteoglycan (HSPG) on the cell surface induce receptor-mediated endocytosis as
a receptor for cationic CPPs [14]. RGD peptides (Arg-Gly-Asp), as representative THPs,
specifically target cancer cells by binding to a«v33 and axv35 integrins [15]. NGR peptides
(Asn-Gly-Arg) bind to the receptor aminopeptidase N [16]. Sarfaraz K. Niazi outlines
current and future approaches to enhance BBB penetration to treat multiple brain diseases
using such delivery technology [17]. Nikesh Gupta et al. present CPPs- or THPs-mediated
delivery into the cells [18]. The mechanisms of CPP internalization, involving endocyto-
sis and direct translocation, are widely recognized. The detailed mechanisms of CPPs,
specifically regarding membrane internalization and endosomal escape, are accurately
described. Both CPPs with cargo and THPs with cargo were endocytosed in the capillary
endothelial cells at the BBB. Moreover, Maarten Dewilde et al. introduce mAbs-mediated
transcytosis into the brain across the BBB, using nanobodies against the transferrin receptor
(TfR) [19]. They developed an anti-TfR nanobody-anti-BACE1 mAb bispecific conjugate.
Intravenously administered bispecific conjugates lowered Af31-40 levels in plasma in an
in vivo assay using hAPI KI mice, in which the mouse TfR apical domain was replaced
by the human sequence. These bispecific conjugates entered the brain across the BBB via
TfR-mediated transcytosis and inhibited BACE1 in the brain/cerebrospinal fluid (CSF).
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Currently, nanobodies [20] are attracting considerable attention due to their compact size
and high specificity. Furthermore, Izcargo® (pabinafusp alfa), clinically launched in Japan
in May, 2021, for the treatment of all forms of MPS II, enters the brain across the BBB
via receptor-mediated transcytosis using TfR. The brain drug delivery technology J-Brain
Cargo® is utilized in this drug, composed of the conjugate between anti-TfR monoclonal
antibody and human iduronate-2-sulfatase [21]. Thus, drug delivery into the brain via
TfR-mediated transcytosis could be a promising strategy. Moreover, it is reported that the
clustering of ligand-receptor complexes derived from TfRs enhances endocytosis [22,23].
Generally, clustering induces endocytosis [10,24,25].

In addition, carrier-mediated transport into the brain might be conducted for low-
molecular-weight N-containing drugs using the proton-coupled organic cation antiporter [26].
Most CNS drugs have structurally incorporated N-containing groups into their molecules.
It is well-known that certain pharmaceutical agents, such as CNS drugs and antihistamine
drugs, can penetrate the brain through the BBB. It is suggested that certain cation trans-
porters facilitate the transport of N-containing drugs across the BBB. Memantine for AD
is positively charged under physiological pH and, therefore, cannot cross the membrane
via passive diffusion. Indeed, memantine with an N-containing group is transported into
cells via carrier-mediated transport [27]. In general, compounds are divided into three cate-
gories, that is, low-molecular-weight compounds (molecular weight (MW) < approx. 500),
high-molecular-weight compounds (MW > approx. 3000), and middle-molecular-weight
compounds (MW approx. 500—approx. 3000) [10]. High-molecular-weight compounds such
as monoclonal antibodies cannot penetrate through the pores of solute carrier transporters,
while hydrophilic low-molecular-weight compounds are facilitated by solute carrier trans-
porters. Hydrophobic low-molecular-weight compounds cross the cell membrane via
passive diffusion, although they are substrates of MDR1. Thus, the transport strategies,
including the transcellular pathway, such as passive diffusion, carrier-mediated transport,
or receptor-mediated transcytosis, and the paracellular pathway such as transport through
disrupted tight junctions, depend on the molecular size and hydrophobicity, based on the
machinery systems regulated by structuralism [28,29].

Furthermore, nanodelivery systems utilizing nanoparticles are innovative tools for
delivering cargo drugs to target sites, particularly the brain or cancer tissues [30-32].
Various surface modifications can easily be made to nanoparticles. Encapsulated substances
are protected from enzymatic degradation and are not prone to off-target side effects. David
J. Daniels et al. provide nanoparticle strategies for delivering drugs into the brain across
the BBB, particularly for the treatment of brain tumors via receptor-mediated transcytosis
or other internalization mechanisms. Various types of nanoparticles are engineered to
enhance targeted delivery into the brain. Nanoparticle clearance and blood circulation
time are also crucial to avoid serious side effects [33]. Lars Esser, Nicolas H. Voelcker
et al. synthesized porous silicon nanoparticles (PSiNPs) covered with transferrin (average
size of 203 and 420 nm). The association of hCMEC /D3 with PSiNPs was enhanced as
transferrin content increased from 0 nmol/mg to 3.8 nmol/mg. It was clarified that an
intermediate transferrin surface density showed the highest BBB transport. The smaller
PSiNPs consistently exhibited higher BBB penetration potential than the larger PSiNPs via
receptor-mediated transcytosis [34]. These findings are valuable for nanoparticle design.
Nanoparticles should be developed using biocompatible and biodegradable polymers [35].
Poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) are often utilized [36]. The
most common form endocytosis is clathrin-mediated endocytosis [37], inducing endosomes
(85-150 nm in diameter) [10], although there are various types of endocytosis [38]. Therefore,
the size of the internalized nanoparticles should be within the range of these endosomes.
Interestingly, the pH in endosomes gradually decreases from the early endosome (pH
approx. 6.5) to the late endosome (pH approx. 5.5), and finally becomes the lysosome (pH
approx. 4.5) due to the vacuolar H*-ATPase proton pumps in the degradation pathway [39].
Such acidification can be utilized for cargo release through the leakage of pH-sensitive
linkers. The released cargos might penetrate the membrane of endosomes, leading to
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endosomal escape, or may penetrate the membrane of lysosomes, leading to lysosomal
escape, via passive diffusion. On the other hand, endosomes or lysosomes burst through
the proton sponge effect in the case of amine-rich carriers while acidification proceeds [40].

Broadly speaking, nose-to-brain drug delivery is a strategy to deliver drugs into the
brain without crossing the BBB [41,42]. Strictly speaking, this pathway does not involve the
BBB. Vivek Trivedi et al. provide an overview of the current state of intranasal formulation
development for nose-to-brain drug delivery and summarize the biologics that are currently
undergoing clinical trial [43]. Intranasally administered substances can be transported
across the olfactory epithelium and subsequently move into the brain through the olfactory
nerve or trigeminal nerve. Murali Monohar Pandey et al. developed rotigotine-loaded
lecithin-chitosan nanoparticles (RTG-LCNP) for the treatment of PD [44]. RTG-LCNP
showed a 9.66-fold increase in the amount permeated compared to pure drug suspension in
an ex vivo nasal permeation study using male Wistar rats. On the other hand, mesenchymal
stem cells (MSCs) [45] administered through intravenous or intracarotid routes can be
utilized as a drug carrier, homing to the target sites, although they are often clinically used
for regenerative medicine due to their differentiation potential [46]. Toshihiko Tashima
proposes MSC-based drug delivery into the brain across the BBB [47]. The substances
delivered by MSCs are divided into artificially included materials in advance, such as low-
molecular-weight compounds including doxorubicin, and the expected protein expression
products of genetic modification, such as interleukins.

Screening methods to analyze drug permeability across the BBB are important for
CNS drug development [48]. Susan Hawthorne et al. developed a viable method for the
high-throughput screening of CNS drugs using a novel transwell human BBB model. Fitc-
dextran-encapsulated PLGA nanoparticles covered with DAS peptide were transported via
receptor-mediated transcytosis that is 14-fold greater than Fitc-dextran-encapsulated PLGA
nanoparticles in this assay system [49]. A variety of nanoparticles can be effectively evalu-
ated through this system. Marie-Anne Estéve demonstrates the transportation of imaging
compounds into the brain through transient FUS-mediated BBB opening performed on
healthy animals [50]. CNS imaging is increasingly recognized for its vital role in preventive
medicine for neurodegenerative diseases such as AD in an aging society [51]. Tau imag-
ing [52,53] and A imaging [54,55] will play an important role in confirming the progress
of AD for early intervention [56] because the number of AD patients is expected to increase
in the future [57]. It is likely difficult to cure AD once the symptoms have progressed to a
certain extent. The social losses, such as costs and the burden of nursing care due to AD, are
immeasurable. Recently, several anti-A 3 monoclonal antibodies, such as aducanumab [58]
and lecanemab [59], have been clinically approved. Furthermore, donanemab finished a
phase 3 clinical trial with favorable results for early AD in 2023 [60]. The development of
drugs that can provide a fundamental treatment is good news for AD patients. We hope
that this Special Issue will contribute to the creation of innovative medicines.

Overall, the articles in this Special Issue outline non-invasive device-mediated brain
drug delivery across the BBB and will contribute to the development of this field. We
would like to express our gratitude to all the authors of this Special Issue for their out-
standing contributions. Moreover, we extend our thanks to the Assistant Editors, for their
valuable assistance.
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Abstract: Non-invasive drug delivery across the blood-brain barrier (BBB) represents a significant
advancement in treating neurological diseases. The BBB is a tightly packed layer of endothelial cells
that shields the brain from harmful substances in the blood, allowing necessary nutrients to pass
through. It is a highly selective barrier, which poses a challenge to delivering therapeutic agents into
the brain. Several non-invasive procedures and devices have been developed or are currently being
investigated to enhance drug delivery across the BBB. This paper presents a review and a prospective
analysis of the art and science that address pharmacology, technology, delivery systems, regulatory
approval, ethical concerns, and future possibilities.

Keywords: neurodegenerative disorders; blood-brain barrier; non-invasive delivery; device-related
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1. Introduction

Evolutionarily, the brain is the body’s control center, responsible for everything from
essential autonomic functions like heartbeat and respiration to complex cognitive tasks and
emotional processing [1]. The human brain, with its intricate architecture and countless
functions, is undeniably one of the most sophisticated organs in the body [2]. Protecting
and ensuring the optimal functioning of this organ is of paramount importance. The BBB
is central to this protective mechanism, a physiological marvel that safeguards the neural
environment from potential toxins and pathogens [3] (Figure 1). However, the very features
that make the BBB an efficient protector make it a formidable neurotherapeutic obstacle [4].

Blood Brain Barrier

Astrocyte

Basal Lamina
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Nucleus
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N\ Tight Juction
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Figure 1. Anatomy and functional components of BBB [shutterstock_2229011587].

The BBB is a semipermeable border that separates the circulating blood from the brain
and extracellular fluid in the central nervous system (CNS) [5]. This barrier comprises
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endothelial cells lining the capillaries, which are closely packed together and sealed by
tight junctions. These tight junctions restrict the passive diffusion of large or hydrophilic
molecules into the CNS. Additionally, astrocyte foot processes wrap around the blood
vessels, further fortifying this barrier and playing a pivotal role in its function [6]. The BBB,
while allowing essential nutrients like glucose and amino acids to reach the brain, filters
out potentially harmful substances from entering the neural environment. This selective
permeability ensures that the brain remains relatively insulated from fluctuations in blood
composition, thereby maintaining a stable internal environment [7].

This paper outlines the current and future approaches to enhance BBB penetration to
treat multiple brain diseases, including tumors, NDs, physiological disbalance, and other
continually discovered disorders, using non-invasive devices and associated methods to
optimize the functionality of these devices. These supportive approaches may include
regulating circadian rhythms, restoring the gut milieu, opening the transitory BBB, carrier-
mediated drug delivery, nasal administration, and activating signaling pathways.

The BBB prevents substances from freely passing between the bloodstream, brain, and
CNS. This selective and semi-permeable barrier is essential in developing and managing
neurological disorders (NDs) that include Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntingdon disease (HD), Amyotrophic lateral sclerosis (ALS), and multiple sclerosis
(MS) and are characterized by the progressive loss of neurons that are associated with
neurotoxic etiological substances in the brain and the surrounding organs.

Protecting the brain from toxins, pathogens, and other foreign substances is crucial
for survival. Thus, the BBB has evolved to become a gatekeeper, ensuring that only sub-
stances beneficial or neutral to the brain’s function gain entry [8]. However, this protective
shield also presents a significant challenge for medical science, particularly neurology and
psychiatry [9]. Most drugs designed to target the brain—whether for the treatment of
neurodegenerative diseases, psychiatric disorders, or brain tumors—cannot cross the BBB
in therapeutically effective dosing [10], leading to numerous potential treatments failing
in the clinical stages, not necessarily because the drugs are not efficacious, but because
they cannot reach their intended site of action in the brain [11]. Thus, the BBB represents a
double-edged sword. While it is indispensable for physiological well-being, it is also one of
the most formidable obstacles in treating neurological diseases [12].

As the understanding of neurological and psychiatric disorders deepens, and with
the advent of precision medicine, there is an escalating demand for treatments that can
be tailored to individual patient needs [13]. Such treatments may necessitate frequent or
prolonged drug administration. Apart from their inherent risks, the invasive methods
become impractical in these contexts due to their invasive nature and the discomfort
associated with repeated interventions.

Researchers and clinicians have long recognized this challenge [14]. Over the years,
various strategies have been employed to overcome or bypass the BBB. Some of these
methods are invasive, such as direct intracerebral injections, which, while effective, come
with risks and complications [15]. As a result, the focus has increasingly shifted towards
non-invasive approaches, aiming to safely enhance the delivery of therapeutic agents to
the brain without compromising the integrity of the BBB [16].

The brain’s homeostasis is significantly influenced by its function. The BBB comprises
diverse cell types and structures, such as brain endothelial cells, the basement membrane,
tight junctions, astrocytes, and pericytes. These components collaborate harmoniously
to establish a highly selective and tightly regulated barrier [17,18]. The BBB is vital in
maintaining homeostasis inside the central CNS by serving as a critical interface between
the peripheral circulatory system and the brain. This barrier employs a range of methods to
fulfill its function. The BBB is a protective mechanism against the infiltration of detrimental
chemicals into the brain.

Additionally, it plays a crucial role in regulating the equilibrium of ions, sustaining
optimal levels of neurotransmitters, and eliminating metabolic waste. Nevertheless, as indi-
viduals age, there is a potential for the BBB to have a decline in its structural integrity [19].
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Multiple studies have provided evidence for the significant involvement of the BBB in the
development of numerous neurological disorders [20]. Furthermore, the BBB presents a
substantial impediment to the administration of drugs in the context of neurodegenerative
diseases [21]. Consequently, research about the BBB has exhibited both diversification and
simultaneous advancement.

Selective Mechanism

Given the complexity of the BBB, it is essential to understand its selectivity mechanisms.
Efflux and influx transporters are pivotal in determining which molecules can enter or exit
the brain [22] (Figure 2).

Astrocyte ABC transporter

Brain microvascular
endothelial cell

SLC transporter

Pericyte
SLC transporter

Tight
junctions

Figure 2. Schematic illustration of the blood-brain barrier and transporters. The BBB comprises
brain microvascular endothelial cells, astrocytes, and pericytes. Their tight junction-mediated mu-
tual binding restricts diffusion between brain microvascular endothelial cells. Numerous soluble
carrier (SLC) transporters expressed by brain microvascular endothelial cells enable specific material
passage across the blood-brain barrier, including nutrients like glucose, amino acids, peptides, and
nucleotides. Furthermore, by releasing harmful compounds and medications into the bloodstream,
ATP-binding cassette (ABC) transporters, expressed in cerebral microvascular endothelial cells, block
their access to the brain. [Shutterstock_2229011587].

The physicochemical properties of drugs play a crucial role in their ability to cross
the BBB. Lipophilicity, molecular weight, and charge are vital factors influencing BBB
permeability. Lipophilic compounds, such as small, nonpolar molecules, diffuse more
readily through the lipid-rich endothelial cell membranes. Drugs with lower molecular
weights are generally favored for BBB penetration, as they can more efficiently navi-
gate the narrow intercellular spaces. However, highly charged or polar compounds may
face significant obstacles as the BBB restricts their passage. Efflux transporters, such as
P-glycoprotein, actively pump out xenobiotics, further limiting drug access to the brain.
Medicinal chemists often design compounds with favorable physicochemical properties,
such as logP values, to enhance brain penetration and consider prodrug strategies or
nanocarrier systems. Understanding these properties is critical for the development of
drugs targeting neurological disorders, as it ensures their ability to reach their intended
site of action in the CNS [23]. Historically, attempts to augment drug delivery to the brain
focused on chemical modifications to therapeutic agents, enabling them to either permeate
or be actively transported across the BBB [24]. However, these modifications often altered
pharmacokinetics or diminished therapeutic efficacy, resulting in compromised treatment
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outcomes [25]. The realization that chemical modifications could only achieve limited
success shifted the emphasis toward more direct, though invasive, delivery methods [26].

In addition to physicochemical properties, the transport of drugs across the blood-brain
barrier is also influenced by specific transport mechanisms. Small lipophilic drugs can passively
diffuse through the lipid bilayer of the endothelial cells, but for many drugs, active transport
mechanisms are required for efficient entry into the brain. Several transporters and receptors
at the BBB facilitate or restrict drug passage. For example, glucose transporters (GLUT1) allow
glucose and certain related compounds to cross the BBB through facilitated diffusion. Similarly,
amino acid transporters help transport essential amino acids into the brain.

On the other hand, efflux transporters like P-glycoprotein (encoded by the ABCB1
gene) actively pump out drugs from the brain back into the bloodstream, limiting their
accumulation. Researchers often explore strategies to exploit these transporters for drug
delivery, such as prodrugs that are substrates for specific transporters or the development of
receptor-targeted delivery systems. Understanding the interplay between drug properties
and transport mechanisms is vital for designing effective treatments for neurological
diseases and ensuring optimal drug concentrations within the brain (Figure 3).

brain tissue
 fat-soluble

molecules

glucose

/ transport

a
transport of
amino acids

endothelial cell
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Figure 3. Beyond transporters, the physicochemical properties of drug molecules also determine their
BBB permeability. [Shutterstock_555919957 Photo] Channels (one way from blood to brain): Small
ions and water; Membrane transport (one way from blood to brain): Small lipophilic molecules such as
oxygen, carbon dioxide, anesthetics, ethanol, nicotine, and caffeine; Carrier-Mediated Transport (sol-
uble carriers) (one way or two way): Energy Transport System: glucose (GLUT-1), monocarboxylates,
lactate, pyruvate (MCT1), creatinine (CrT), Amino acid transport system: large amino acids (LAT1),
and Organic anion/cation transporters: OATP1A2, nucleosides; Receptor-mediated Transport (one
way from blood to BBB to brain): Insulin, transferrin, leptin, IgG, TNF alpha; Adsorption-mediated
Transcytosis System (one way from blood to BBB to brain): Histone, Albumin; Active Efflux Trans-
porters (one-way from BBB to blood and brain): P-glycoprotein, BRCP, MRP 1,2,4,5. Several brain
diseases, including neurodegenerative disorders like AD, PD, and ALS, as well as brain tumors
and infections, often necessitate drugs that must effectively cross the BBB to exert their therapeutic
effects [27]. Generally, lipophilic molecules with a molecular weight of less than 400-500 Da can
traverse the BBB more efficiently [28]. However, many potent CNS-active drugs and biologics are too
large or possess unsuitable properties, preventing their direct passage through the barrier.
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The challenges for the optimal delivery of drugs to the brain underscore the urgent
need for innovative strategies to deliver drugs across the BBB without compromising its
integrity or function. As we look towards non-invasive device-mediated techniques, it is
not just about bypassing the BBB but about maintaining the health and functionality of the
CNS, ensuring that treatments are both practical and safe [29].

Beyond neurodegenerative diseases, non-invasive device-mediated techniques can po-
tentially be employed in psychiatric disorders, rehabilitation, and even enhancing cognitive
abilities [30]. Preliminary studies are exploring the role of transcranial magnetic stimulation
in enhancing memory and cognitive functions in healthy and diseased brains [31].

Moreover, the BBB is not just a static barrier. Its permeability and function can be
altered under pathological conditions. Diseases like stroke, traumatic brain injury, and
certain infections can disrupt BBB integrity, which might allow for increased drug delivery
but at the cost of potential harm from other circulating substances.

The potential for off-target effects, especially when breaching the BBB, has raised
safety concerns. Unintended opening of the BBB or delivering therapeutics to non-targeted
areas could lead to adverse outcomes [32]. In a clinical study assessing the effects of FUS
on BBB disruption, a few patients exhibited temporary neurologic deficits, underscoring
the need for meticulous planning and precision in application [33].

2. Optimizing Entry

A silver lining in this quest has been the discovery that the BBB, while protective,
has specific “windows” or mechanisms that can be modulated for therapeutic benefit. For
instance, specific peptides have been identified that can transiently open the BBB, allowing
for drug delivery without causing lasting damage [34]. As researchers dive deeper into
understanding these nuances, the dream of non-invasively and effectively delivering drugs
to the brain seems increasingly tangible.

Non-drug measures to enhance BBB penetration include the use of focused ultrasound,
which temporarily disrupts the barrier, allowing drugs to pass through [35]. Additionally,
strategies such as nanoparticle-based drug delivery systems, which can encapsulate and
protect drugs during transit across the BBB, are under investigation [36]. Nanocarriers
can be functionalized with ligands targeting specific receptors at the BBB for enhanced
transport [37].

Emerging technologies like intranasal drug delivery, which bypasses the BBB through
the olfactory pathway, and implantable devices for direct drug administration into the brain
are also being explored as potential solutions to overcome the BBB’s limitations [38,39].
These non-drug measures and innovative devices offer promising avenues to improve drug
delivery to the brain in the treatment of various neurological disorders.

In addition to the non-drug measures and non-invasive devices, the use of carrier
molecules, such as antibodies or peptides, that can specifically target receptors or trans-
porters on BBB endothelial cells can facilitate the transport of therapeutic agents into the
brain.

Convection-enhanced delivery (CED) is another technique that involves the direct
infusion of drugs into brain tissue using surgically implanted catheters, bypassing the BBB
and allowing for precise drug distribution [40].

Additionally, researchers are investigating the potential of nanoscale drug carriers
like liposomes and exosomes, which can encapsulate drugs and transport them across
the BBB [41]. Advances in nanotechnology and innovative drug delivery strategies hold
promise in overcoming the challenges associated with BBB penetration, offering new
avenues for effectively treating brain disorders.

Exosome-based drug delivery systems, leveraging the natural ability of exosomes to
cross the BBB, have demonstrated potential in delivering neurotherapeutics.

In addition to the methods and approaches mentioned earlier, ongoing research efforts
explore the potential of external devices and techniques to assist drug delivery across the
BBB. One such technique is the use of focused ultrasound in combination with microbubbles.
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This non-invasive approach, known as focused ultrasound-mediated blood—-brain barrier
opening (FUS-BBBO), involves the application of focused ultrasound waves to the brain
in the presence of microbubbles, temporarily disrupting the BBB and allowing drugs to
pass through [42]. This method has shown promise in clinical trials for conditions like
Alzheimer’s disease and brain tumors [43].

Additionally, implantable devices and catheters equipped with drug reservoirs or
pumps can provide controlled and sustained drug delivery directly to the brain or cere-
brospinal fluid (CNS). These devices can be programmed to release drugs at specific
intervals, optimizing treatment efficacy while minimizing systemic side effects [44]. Fur-
thermore, advancements in nanotechnology have led to the development of implantable,
biodegradable, drug-eluting nanofibers that can release drugs over extended periods,
offering a potential solution for chronic neurological conditions [45].

3. Device-Mediated Noninvasive Techniques

This shift towards non-invasive, device-mediated approaches is not just motivated by
the limitations of traditional methods but also inspired by the potential these techniques
have demonstrated, both in pre-clinical models and in some early-stage clinical trials. They
herald a new era in neurotherapeutics, where treatments are effective, patient-centric, and
tailored to the needs and comfort of individuals [46].

However, the dawn of the 21st century has witnessed rapid advancements in biomed-
ical engineering, nanotechnology, and imaging modalities [47]. These advances have
facilitated the development of device-mediated techniques that are minimally invasive
or completely non-invasive, marking a seismic shift in the approach toward CNS drug
delivery [48].

Recent years have seen a surge in interest and research into device-mediated tech-
niques that could potentially surmount the BBB without requiring direct surgical inter-
vention [49]. These techniques aim to open the BBB temporarily and safely or utilize
specialized mechanisms to transport drugs. These technologies, including focused ultra-
sound, electromagnetic fields, and intranasal delivery, promise to revolutionize CNS drug
delivery [50].

It is crucial to underline, however, that with the exhilaration of these breakthroughs
comes the weighty responsibility of ensuring that these methods are safe. The BBB is
a vital protective structure, and any strategy that seeks to circumvent or modulate its
function must do so without compromising its long-term integrity or inducing unwanted
side effects [51]. After all, these innovative approaches aim to improve patient outcomes
and quality of life.

As these device-mediated techniques evolve and mature, they will be subjected to
rigorous testing in pre-clinical settings and clinical trials. This will ensure their efficacy and
safety profile, which is crucial for any therapeutic intervention targeting the delicate and
intricate environment of the CNS.

In summary, while several methods exist to address the BBB’s drug delivery challenge,
many drawbacks limit their therapeutic potential. The emergence of non-invasive device-
mediated techniques represents a significant leap forward, potentially revolutionizing CNS
drug delivery. As research progresses, the focus will undoubtedly shift towards refining
these techniques, ensuring their safety, and expanding their therapeutic applicability [52].

To overcome the barriers to entry, a multitude of BBB in vivo and in vitro models
have been established alongside innovative methodologies, which exhibit significant
promise for conducting mechanistic investigations and advancing drug discovery efforts,
such as the length of time a medication remains detectable in the body while admin-
istering pharmacological therapy to optimize the effectiveness of drug transportation
across the BBB. The incorporation of novel technologies that effectively regulate the tem-
porary permeability of the BBB and enable targeted drug delivery without invasive pro-
cedures is of utmost importance in enhancing the effectiveness, safety, and practicality of
therapeutic approaches.
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Non-invasive devices and techniques are gaining prominence as valuable tools for
enhancing drug delivery across the BBB. One such approach is transcranial magnetic
stimulation (TMS). TMS involves using magnetic fields to induce electrical currents in
specific brain regions. Studies have shown that repeated TMS sessions can transiently
increase BBB permeability, allowing for improved drug penetration into the brain [53].

Another non-invasive technique uses near-infrared spectroscopy (NIRS) and func-
tional near-infrared spectroscopy (fNIRS) to monitor real-time BBB integrity. By assessing
BBB disruption, researchers can optimize the timing of drug administration to maximize
therapeutic benefits [54]. Furthermore, researchers are exploring non-invasive brain stimu-
lation techniques, such as transcranial direct current stimulation (tDCS) and transcranial
alternating current stimulation (tACS), to modulate BBB permeability. These methods can
potentially enhance drug delivery without the need for invasive procedures [55].

Another non-invasive device that garnered attention is functional magnetic resonance
imaging (fMRI) or magnetic resonance imaging (MRI) guided focused ultrasound. This
technology combines the precision of MRI to visualize brain regions with the capability
of focused ultrasound to disrupt the BBB temporarily. By using real-time MRI guidance,
physicians can precisely target and monitor the delivery of drugs or other therapeutic
agents, ensuring accurate and localized treatment [35]. Non-invasive devices and technolo-
gies like fMRI-guided focused ultrasound and wearable EEG devices represent exciting
prospects for improving drug delivery to the brain while maintaining patient comfort and
safety. These methods are still evolving but hold significant promise for enhancing the
treatment of neurological diseases.

The evolution of wearable tech can allow continuous or periodic drug delivery, pro-
viding patients with more autonomy and ensuring sustained therapeutic levels [56]. A
prototype wearable ultrasonic patch, capable of crossing the BBB and delivering drugs,
showed promise in maintaining therapeutic drug levels in PD models [57]. Additionally,
emerging technologies like wearable electroencephalogram (EEG) devices are being ex-
plored to modulate BBB permeability non-invasively. By using an EEG to guide the timing
of drug administration or the application of other techniques, researchers aim to optimize
drug delivery to the brain while minimizing side effects [58].

While current research predominantly focuses on neurodegenerative disorders and
brain tumors, there is potential to extend these techniques to other conditions, like psychi-
atric disorders, autoimmune diseases, or metabolic conditions [59].

4. Brain Tumors

Brain cancer is characterized by the uncontrolled growth of cells in the brain, resulting
in tumors that can be either benign or malignant. Several primary brain tumors exist,
including gliomas, which arise from glial cells and encompass subtypes like astrocytomas
and glioblastomas, with the latter being notably aggressive. Meningiomas originate from
the meninges, while pituitary tumors are typically benign and develop in the pituitary
gland. Medulloblastomas are more common in children and affect the cerebellum. Acoustic
neuromas, originating from the cranial nerves’ Schwann cells, are generally benign but
can impact hearing and balance. Diagnosis involves clinical evaluation, imaging studies,
and, occasionally, a biopsy. Treatment is contingent on the tumor’s type, location, and
stage and might include surgery, radiation therapy, chemotherapy, or newer modalities like
targeted therapy and immunotherapy. However, the presence of the blood—brain barrier,
the sensitive location of tumors, and resistance to treatment modalities complicate brain
cancer treatment.

Molecular profiling constitutes a fundamental component of the 2021 World Health
Organization (WHO) categorization of gliomas. The advancement of targeted therapy
is currently constrained by various variables, including the existence of the BBB and
challenges associated with tumor heterogeneity. However, significant progress has been
achieved in developing the IDH1/2 inhibitor vorasidenib for treating IDH-mutant
grade 2 gliomas. Additionally, the combination of dabrafenib and trametinib has shown
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promising results in treating gliomas with the BRAFV600E mutation. Furthermore, tar-
geted medicines have been developed for certain groups of patients with fusions and
H3K27M-altered diffuse midline gliomas [60].

Treatments for brain tumors like glioblastoma are limited by the inability of many
chemotherapeutics to penetrate the BBB. Non-invasive techniques promise enhanced deliv-
ery of tumor-fighting drugs directly to the malignancy, potentially improving outcomes [35].

In a pioneering clinical trial, patients with recurrent glioblastoma received a combina-
tion of FUS and microbubbles before administering doxorubicin, a chemotherapy agent.
The subsequent MRI scans showed increased drug concentrations in tumor regions, sug-
gesting effective BBB disruption and targeted delivery [61]. Preliminary research showed
the potential for focused ultrasound to modulate neural circuits associated with depression,
opening avenues for non-drug treatments in psychiatric conditions [62].

A recent endeavor combined MRI-guided focused ultrasound with nanoparticles to
ensure real-time visualization and precise drug delivery for treating tumors [35].

Convergence of Technologies: In the age of rapid technological advancements, the
fusion of multiple technologies can further enhance the precision and efficiency of drug
delivery. Imagine integrating real-time imaging with delivery devices to ensure pinpoint
accuracy [63].

5. Neurodegenerative Disorders (NDs)

Neurological disorders affect millions globally, ranging from NDs to psychiatric con-
ditions. These conditions lead to significant morbidity and have profound social, economic,
and psychological repercussions [64]. Therefore, developing efficacious treatment strategies
that can navigate the BBB’s complexities is paramount.

Neurodegenerative diseases, more particularly PD, AD, HD, ALS, and motor neuron
disease, affect millions of people worldwide. NDs manifest as the progressive loss of
functionality and eventual demise of nerve cells in the brain or peripheral nervous system.
While specific treatments may provide relief for certain physical or mental symptoms
commonly associated with neurodegenerative diseases, the current medical understanding
does not support the notion that these treatments can effectively slow down the advance-
ment of such diseases. Furthermore, it is important to note that no known cures for
neurodegenerative disorders currently exist.

The probability of acquiring a neurodegenerative disease increases significantly as
an individual advances in age. In the forthcoming decades, NDs have the potential to
substantially impact a larger proportion of the American population, particularly as life
expectancy continues to rise. It is imperative to enhance our comprehension of the etiology
of neurodevelopmental disorders (NDs) and devise novel strategies for their treatment
and prevention.

AD and PD are widely recognized as the prevailing neurodegenerative disorders.
According to a report released by the Alzheimer’s Disease Association in 2022, it is esti-
mated that up to 6.2 million individuals [65] in the United States may be affected by AD.
According to the Parkinson’s Foundation, the number of individuals in the United States
living with Parkinson’s disease is approaching one million [66].

AD is primarily distinguished by the degeneration of neurons, the accumulation of
amyloid-beta plaques, and the development of hyperphosphorylated tau protein within
neurons. Notably, the cytotoxic impact of amyloid beta-peptide (Abeta) is a significant
factor in this disease [67].

AD is the accumulation of amyloid-f plaques, a hallmark of AD. Traditional drug
delivery strategies have struggled to effectively delivering therapeutic agents across the
BBB to target these plaques. Using focused ultrasound combined with microbubbles,
research has demonstrated the potential to temporarily open the BBB and assist in the
clearance of these plaques, showcasing potential therapeutic benefits [68]. A preclinical
study involving mice genetically predisposed to develop AD symptoms revealed that
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after multiple FUS treatments, there was a notable reduction in amyloid-f plaques and
improved cognitive function [69].

The phenotypic characteristic of Down syndrome (DS; trisomy 21) is now acknowl-
edged to be associated with a significantly elevated risk for AD. The cumulative incidence
of AD in individuals with DS increased to around 50% by the late 50s and reached 80%
by the late 60s [70]. This demographic constitutes the most noteworthy cohort with an
elevated susceptibility to AD due to a particular genotype. This situation is essential to
public health and presents an ideal population for preventative trials.

The loss of dopaminergic neurons characterizes PD. Delivering neuroprotective or
neurorestorative agents into the brain holds therapeutic promise. Techniques like FUS can
facilitate the delivery of such agents, including genes or stem cells [71]. A study on a PD
animal model demonstrated that after FUS-mediated BBB disruption, there was enhanced
delivery and retention of neurotrophic factors, subsequently leading to improved motor
functions in the treated animals [72]. A study combining focused ultrasound with patient-
specific MRI data demonstrated more accurate targeting, leading to better therapeutic
outcomes in PD patients [73].

The expression levels of Wnt3, Wnt4, FZD2, FZDS, Wnt2b, Wnt5a, FZD3, LRP5,
and sFRP3 are elevated in the human spinal cord tissue of patients diagnosed with ALS,
wherein there is an increase in the population of astrocytes expressing the FZD2 receptor
in the transitional region between the grey and white matter at the ventral horn. The
potential involvement of the Wnt family of proteins, particularly FZD2 and Wntb5a, in the
pathogenesis of ALS is under investigation [74].

It is widely acknowledged among scientists that the interaction between an individ-
ual’s genetic makeup and their environmental factors significantly contributes to their
susceptibility to neurodegenerative disorders. As an illustration, an individual may possess
a genetic predisposition that renders them more vulnerable to PD. Yet, the impact of their
environmental exposures can influence the disease’s timing, severity, and manifestation.

Post-stroke treatments can benefit from timely and targeted delivery of neuroprotec-
tive agents or stem cells. Non-invasive techniques can enhance the penetration of these
therapeutic agents, potentially reducing brain damage and promoting recovery [75].

6. Current Techniques in Drug Delivery across the BBB

The BBB poses a monumental challenge for reaching therapeutic agents to the central
CNS in the grand drug delivery arena. The development of effective, non-invasive, device-
mediated techniques for drug delivery across the BBB has been fraught with challenges
but illuminated by moments of innovation and breakthrough. As the field progresses, it is
imperative to prioritize safety, ensuring that the integrity and function of the BBB are not
compromised in the long term. With continued research and interdisciplinary collaboration,
the dream of effective and patient-friendly CNS drug delivery methods may soon become
a reality (Figure 4).

The drug’s solubility, surface charge distribution, molecular weight, particle size, and
other factors should all be considered while creating the formulation [76].

While often successful in peripheral tissues, traditional pharmacological strategies
have encountered substantial limitations when aiming for the brain. These methods aim
to increase BBB permeability transiently and safely, allowing for targeted drug delivery
without the drawbacks of the traditional methods [77]. Many small molecules and virtu-
ally all large molecule biologics, including therapeutic proteins, RNA therapeutics, and
antibodies, face impediments in crossing the BBB [9]. Figure 4 lists several approaches to
noninvasive deliveries.
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Figure 4. Noninvasive tools and their entry into BBB are based on the physical properties, composi-
tion, surface chemistry, and target ligands. [Adobe Stock Photo_603623040].

Transcellular (drug delivery via cells) and paracellular (drug delivery between adjacent
cells) are the two main routes that frequently carry drugs to the brain [78]. Ions and
solutes passively diffuse across the BBB via the paracellular pathway, which concentration
gradients facilitate. Transcellular delivery across the BBB involves the passage of drugs or
molecules through endothelial cells, which form the protective barrier for the brain. Unlike
paracellular transport, which consists of passing between cells, transcellular transport
goes through the cells themselves, making it a critical route for delivering therapeutic
agents to the brain. This process encompasses several mechanisms, including passive
diffusion of small, lipophilic molecules; carrier-mediated transport facilitated by specific
proteins; receptor-mediated transcytosis, where ligands bind to receptors; and adsorptive-
mediated transcytosis, where cationic molecules interact with cell surface components. Each
mechanism has unique properties and requirements, making them essential in designing
drug-delivery strategies for neurological disorders and brain-related diseases [79] (Figure 4).

Several mechanistic mechanisms, including transcytosis, carrier-mediated transport,
and passive diffusion, are part of the transcellular route. The main mechanisms are
adsorptive-mediated transcytosis (AMT) and receptor-mediated transcytosis (RMT). Among
the most studied targets for RMT in brain endothelial cells are the transferrin receptor,
insulin receptor, and low-density lipoprotein (LDL) receptor [80]. Current advancements
in RMT provide ways to get past the blood-brain barrier and achieve more efficient
medicine administration to the brain. Brain medication administration also uses other
transporters, such as organic anion and cation transporters, in addition to these mechanical
pathways [81].

Several techniques have been developed over the years, endeavoring to overcome the
formidable barrier of the BBB and deliver therapeutic agents to the CNS. Conventional
methods range from direct injection into the CNS to modifying drug molecules for enhanced
permeability. While some of these techniques have had moderate success, they often come
with significant drawbacks, such as invasiveness, limited targeting, or potential side effects.
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6.1. Direct Injections

Techniques like intracerebroventricular (ICV) and intraparenchymal injections bypass
the BBB by delivering drugs directly into the brain or cerebrospinal fluid. While effective,
these methods are highly invasive, bear risks of infections, and might distribute drugs
unevenly [82]. Methods such as intracerebral injections or intraventricular infusions were
employed to achieve CNS drug delivery [83]. While these approaches enable a direct
route of administration, they are invasive and carry associated risks, including infection,
hemorrhage, and potential damage to brain tissue [84]. Moreover, these methods can lead
to non-uniform distribution in the brain, potentially yielding areas of over-concentration
or insufficient drug coverage [85]. Further complicating the drug delivery scenario is the
realization that many CNS disorders, such as AD, PD, and MS, involve multiple brain
regions [86]. Targeting these dispersed areas necessitates a systemic approach to drug
delivery, ensuring that the therapeutic agent is distributed throughout the brain.

6.2. Molecular Trojan Horses

This ingenious method involves coupling therapeutic agents to molecules crossing
the BBB via receptor-mediated transcytosis. By “piggybacking” on these molecules, drugs
can be sneaked into the brain. While promising, the complexity of this method and
potential immunogenic reactions are challenges that need addressing [87]. It is possible
to facilitate the entry of chemical drugs into the brain by employing naturally occurring
or artificially modified chemicals and certain simple life forms, predominantly viruses,
which can traverse the BBB. This drug delivery strategy is usually called the “Trojan horse”
approach. Neurotropic viruses are a class of viruses that exhibit a distinct preference
for the nervous system and possess the ability to invade neural cells. These viral agents
can traverse the BBB and get access to the CNS. Hence, utilizing neurotropic viruses for
drug encapsulation and BBB traversal is a highly effective and practical strategy. Adeno-
associated virus (AAV) is the prevailing neurotropic viral vector employed in treating
neurological illnesses [88].

6.3. Biochemical BBB Disruption

Specific agents, like mannitol, can temporarily disrupt the BBB by shrinking endothe-
lial cells. While this allows drugs to enter the CNS, it is a non-specific method that might
allow harmful substances to infiltrate the brain, potentially causing side effects [89]. The hy-
perosmolar technique is employed to transiently disrupt the BBB by generating alterations
in osmolarity inside the brain tissue. Usually, an intravenous or intra-arterial infusion of a
high-osmolarity solution, predominantly mannitol, facilitates water movement from brain
tissue to the blood arteries via osmosis.

Applying mechanical force on the endothelial cells induces mechanical stress, resulting
in a transient disturbance of tight junctions. During this phase, the BBB undergoes tempo-
rary permeability, facilitating enhanced medication delivery into the brain and enabling
therapeutic effects on NDs. Empirical evidence from clinical trials has demonstrated that
administering hyperosmolar mannitol through intra-arterial infusion after a BBB breach
is a reliable and secure approach for managing central CNS malignancies. The findings
from subsequent research using rats indicated that proteomics alterations reverted to their
original levels after 96 h. This suggests that the approach employed to induce BBB opening
is transient and may be reversed [90]. Nevertheless, it is crucial to acknowledge that the
unguided application of hyperosmolar mannitol to open the BBB is an invasive procedure,
and its safety merits thorough deliberation.

6.4. Nanoparticle-Mediated Delivery

Nanoparticle systems encompass various carriers, including liposomes, polymeric
nanoparticles, and solid lipid nanoparticles (SLNP). These carriers are commonly cate-
gorized based on their size (usually ranging from 10 to 300 nm in diameter), chemical
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composition, and physical morphology. Numerous investigations have examined the
utilization of nanoparticles ranging in size from 50 to 200 nm in the context of stroke, AD,
and PD. The initial formulation of nanoparticles for cancer treatment received regulatory
approval decades ago. Nevertheless, the current repertoire of licensed nanoparticle-based
therapies and technologies remains limited. For instance, the utilization of lipid nanoparti-
cles (LNP) for administering mRNA COVID-19 vaccines has gained approval. However, it
is essential to note that there is currently a lack of approved central nervous system (CNS)
therapy products.

There is great interest in optimizing the physicochemical characteristics of nanoparti-
cles to govern their track and permeability, which might be of great significance in crossing
the BBB [91]. Many nanocarriers with particle sizes ranging from 1 to 100 nm have been
developed due to advancements in nanotechnology. Polymeric nanoparticles (PNPs), solid
lipid nanoparticles (SLNPs), liposomes, and micelles are examples of these nanocarriers
that have been introduced as treatments for various neurological disorders, as illustrated
in Figure 1. More recently developed, sophisticated nanocarriers, such as exosomes [92],
prodrugs [93], self-assembled micelles [94], dendrimers [95], PNPs [96], and exosomes [92],
have shown great potential over previous delivery methods.

Non-targeted nanoparticles have significant limitations in traversing the intact BBB.
Nanoparticles can encapsulate drugs and be designed to target specific receptors or trans-
porters on the BBB, enhancing drug delivery. This field has garnered considerable interest,
but concerns about long-term effects and potential toxicity linger [97]. Utilizing tailored
nanomedicines to improve brain transport by capitalizing on the compromised BBB re-
sulting from brain illnesses, such as neurodevelopmental disorders, presents a promising
strategy for medication delivery [98].

Nanoparticles as non-invasive methods for drug delivery across the BBB have gained
traction due to their effectiveness and versatility. They can be engineered to enhance the
delivery of various therapeutic agents to the brain, overcoming the formidable obstacle
presented by the BBB. One mechanism through which nanoparticles facilitate drug delivery
is by encapsulating drugs and protecting them from metabolic degradation in the blood-
stream, enhancing their half-life and bioavailability. A study by Saraiva et al. (2016) [97]
demonstrated the use of multi-functionalized nanoparticles to deliver anti-inflammatory
drugs to the brain, showing a reduction in neuroinflammation in a targeted and controlled
manner. Additionally, surface modification of nanoparticles has been explored to improve
their ability to cross the BBB. Poly (butyl cyanoacrylate) nanoparticles coated with polysor-
bate 80 can help deliver drugs like dalargin, tubocurarine, and doxorubicin across the BBB
effectively [99].

Targeted delivery is another essential aspect of nanoparticle-based drug delivery,
including the development of magnetic nanoparticles, which could be guided to the brain
using an external magnetic field, enhancing the site-specific delivery of the encapsulated
drugs [100]. Due to their small size and customizable properties, Nanoparticles serve
as excellent vehicles for drug delivery. Combined with techniques like FUS, they can be
directed precisely, allowing for slow and sustained drug release [101].

Research involving the co-delivery of gold nanoparticles and anticancer drugs to
glioblastoma cells showcased enhanced cell uptake and increased therapeutic efficiency,
owing to the synergistic combination of nanoparticles and FUS [102].

Nanotechnology offers avenues to develop carriers that can transport drugs and re-
spond to external stimuli, such as temperature or magnetic fields, enabling controlled
release at target sites [103]. When combined with focused ultrasound, magnetic-responsive
nanoparticles demonstrated synchronized drug release upon reaching targeted brain re-
gions, presenting a dual-control mechanism for drug delivery [104]. Using an external
magnetic field to guide their targeted delivery, magnetic nanoparticles to transport thera-
peutic agents across the BBB are also attempted [10].
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6.5. Focused Ultrasound (FUS) with Microbubbles

FUS is a non-invasive medical device employing ultrasonic waves to concentrate and
transmit energy to locations within tissues accurately. The application of this technique
exhibits significant promise in augmenting the transportation of pharmaceutical agents
via the BBB to enhance their uptake in the brain for therapeutic purposes. This can
be achieved by facilitating the permeability of the BBB or by aiding in the controlled
breakdown of microbubbles to facilitate the release of pharmaceuticals [105]). Presently,
focused ultrasound (FUS) has been utilized in neurological disorders (NDs) such as AD
and PD (PD). This technique can potentially improve the efficacy of brain drug delivery
for a wide range of therapeutic agents, including antibodies, nanoparticles, therapeutic
viruses, and stem cells. This is achieved through the temporary opening of the BBB. Several
studies have investigated the application of FUS in this context [106-111]. The combination
of FUS and viral vector gene therapy enhances drug transport efficacy to the brain in the
context of PD in animal models. The feasibility and safety of FUS-mediated BBB opening
of the striatum have been established in clinical surgical operations for PD (PD) [112].

FUS, combined with microbubbles, has emerged as a frontrunner in non-invasive
BBB modulation. The process involves injecting microbubbles intravenously and then
applying targeted ultrasound waves. The interaction between the microbubbles and the
ultrasound waves temporarily increases the permeability of the BBB, allowing for targeted
drug delivery. Preclinical studies have shown successful delivery of therapeutic agents,
ranging from small molecules to larger biologics, into the brain with this method [113].
The precision of FUS ensures targeted delivery, minimizing potential systemic side effects.
One such method, which has garnered significant attention, is focused ultrasound (FUS) in
conjunction with microbubbles [114]. The technique involves the transient disruption of
the BBB using ultrasound waves targeted to specific brain regions, enabling the delivery
of therapeutic agents precisely where needed. Early results from preclinical studies have
shown this technique to be both practical and safe, with the BBB being restored within
hours post-treatment [115].

6.6. Magnetic Resonance Imaging (MRI)

To tackle the invasive nature of the hyperosmolar process, researchers have devised
an MRI technique that relies on unenhanced chemical exchange saturation transfer to
identify the buildup of mannitol in the intracranial region after the opening of the BBB.
This technique holds promise as a prompt imaging tool for optimizing the administra-
tion of mannitol-based BBB opening, thereby enhancing its safety and effectiveness [116].
Moreover, implementing hyperosmolar BBB opening techniques in murine models using
MRI guidance can effectively mitigate the limitations of inconsistent reproducibility and
heterogeneous experimental results commonly observed with the intra-arterial adminis-
tration of hyperosmolar mannitol [117]. Hence, the exclusive utilization of hyperosmolar
mannitol infusion has potential hazards in therapeutic contexts. Nevertheless, integrating
MRI guidance improves the safety and effectiveness of osmotic-based BBB opening, thus
augmenting its therapeutic significance.

MRI guidance has significantly improved the precision of focused ultrasound tech-
niques. Through MRgFUS, clinicians can visualize the targeted area in real-time, ensuring
therapeutic agents” accurate and effective delivery while monitoring potential complica-
tions [118]. A clinical trial exploring the efficacy of MRgFUS for essential tremor treatments
showcased the ability to target the thalamus accurately. Patients exhibited substantial
improvement in hand tremors, underlining the potential of imaging-guided interven-
tions [119]. In a rat model of ischemic stroke, FUS, combined with microbubbles, facilitated
the targeted delivery of neuroprotective drugs. The treated rats exhibited reduced infarct
sizes and improved neurological outcomes compared to the control group [120]. For ex-
ample, trials using FUS and a combination of FUS+MRI for AD trials saw the BBB in the
hippocampus and entorhinal cortex open reversibly without adverse effects [121], and pa-
tients showed no adverse events and no cognitive or neurological deterioration [122]. The
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PD trials of 5-7 patients involved the BBB duplication at the parietal-occipital-temporal
junction opened reversibly in four patients without side effects [123]. FUS-mediated striatal
BBB opening is feasible and safe. In the MPS-II trial of 28 patients, positive changes oc-
curred in 21 patients treated with transferrin receptor ligand, some with mild or moderate,
transient, and manageable adverse drug events [124].

6.7. Electromagnetic Field Modulation

While relatively nascent, using electromagnetic fields (EMFs) to modulate BBB per-
meability is gaining traction. EMFs can influence ion channels and transport mechanisms
in the endothelial cells of the BBB, leading to transient permeability increases [125]. Pre-
liminary studies show promise, but the exact parameters for effective and safe application
and long-term implications remain under investigation [126]. Another intriguing approach
is the use of electromagnetic fields. By leveraging the inherent electrical properties of the
BBB, researchers are exploring ways to transiently increase its permeability, allowing for
the passive diffusion of therapeutic agents into the CNS [127].

Preliminary studies have indicated a potential for this technique, although its long-
term effects and safety profile are still under investigation. Emerging techniques promise
selectivity, control, and reversibility. For instance, focused ultrasound, when coupled
with microbubbles, can be directed at specific brain regions to enhance BBB permeability
temporarily. Studies have shown that this technique can deliver a variety of therapeutic
agents, including antibodies, to targeted brain areas with minimal side effects. Furthermore,
although a relatively new entrant in this domain, electromagnetic fields have demonstrated
potential in modulating BBB permeability. Initial studies suggest that such fields can
influence molecular transport across the BBB, although the precise mechanisms and long-
term safety still require thorough investigation.

6.8. Vasoactive Chemicals

Vasoactive chemicals, including CNS ones, can modulate vascular tone and perme-
ability. Several vasoactive chemicals have been investigated to assess their capacity to
induce the opening of the BBB and facilitate the transportation of therapeutic medicines
into the brain. The chemicals encompass adenosine, bradykinin, histamine, and peptides
derived from bee venom. Adenosine, a nucleoside found in nature, has a role in multiple
physiological processes, such as regulating blood flow and inflammation [128].

Numerous studies have demonstrated that it can enhance BBB permeability through
various mechanisms. For instance, it can activate adenosine receptors on endothelial cells,
initiating intracellular signaling pathways that influence the tight junctions between them.
These tight junctions play a critical role in maintaining the integrity of the BBB. The process
of fibrinolysis can lead to the production of bradykinin through the action of fibrinolytic
agents [129]. This bradykinin can then activate bradykinin B2 receptors, resulting in the
opening of the BBB. Researchers have employed the BBB opening mechanism to create
bradykinin analogs that can improve the transportation of nanocarriers across the BBB to
treat glioblastoma [130].

Furthermore, studies have provided evidence that the disruption of the BBB, facilitated
by the bradykinin B2 receptor agonist NG291, is confined to a specific area, dependent
on the dosage administered, and can be reversed [131]. Histamine, a neurotransmitter,
has been observed to potentially facilitate the opening of the BBB [132,133]. However, the
precise mechanism by which this occurs remains uncertain.

Recently, there has been a development in the utilization of bee venom peptides as
substances to induce the opening of the BBB. It has been demonstrated that these substances
can induce reversible opening of the BBB within 24 h when administered at adequate
dosages. Doubtless, vasoactive medicines possess significant promise in facilitating the
opening of the BBB and enhancing drug transportation to the brain. Nevertheless, the
systemic administration of these medications presents uncertain implications for the overall
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treatment efficacy, as they cannot selectively target the BBB. Enhancing the precision of BBB
targeting with pertinent technology would contribute to advancing future clinical studies.

6.9. Gut Microbiome [134]

The enhanced longevity of the human life span can be attributed to advancements
in diet and healthcare, which the progress of the economy and technology has facilitated.
Many microorganisms, encompassing bacteria, archaea, viruses, and diverse eukaryotes,
including fungi and protozoa, inhabit distinct ecological niches within the gastrointestinal
tract. The term “gut microbiota” is commonly used to refer to this group of microorganisms.

The gut microbiota significantly impacts various areas of human physiology, encom-
passing nutritional metabolism, anti-infection mechanisms, immune system functionality,
and neuron development. The gut microbiota is facing a changing environment due to
rapid industrialization, urbanization, and advancements in food and medical technolo-
gies. Factors such as increased fast-food consumption have made the gut microbiota more
susceptible to vulnerability than previous conditions. Recently, there has been a growing
recognition of the significance of gut microbiota due to its crucial involvement in neurode-
velopmental disorders (NDs) and its influence on the differentiation, maturation, prolifer-
ation, and activation of immune cells residing in the central nervous system (CNS). The
gut-brain axis (GBA) facilitates reciprocal communication between the gastrointestinal tract
and the central nervous system using neurotransmitters and other metabolites [135,136].

The blood-brain barrier (BBB) can restrict the transit of molecules produced from
the stomach into the brain, even though it acts as a gateway for the passage of many
essential compounds needed for CNS functioning and secretes substances into the blood
and brain essential for preserving CNS homeostasis [137]. Microorganism-associated
molecular patterns (MAMDPs), for instance, are vital to microorganisms’ structural integrity
and cellular processes [138]. Inadvertent elevation or reduction of MAMPs can cause acute
or chronic inflammation linked to several neurological conditions.

The BBB’s permeability is linked to several microbial compounds, including vita-
mins, lipopolysaccharides (LPS), trimethylamines (TMAs), and short-chain fatty acids
(SCFAs) [139-141]. These compounds may boost the immunological and endocrine sys-
tems to prevent neuroinflammation or neurodegeneration or act directly on brain neurons
through the blood-brain barrier. The central nervous system (CNS), autonomic nervous
system (ANS), enteric nervous system (ENS), and hypothalamic—pituitary—adrenal (HPA)
axis make up the bidirectional communication network.

Through the vagus nerve, microbiota and the brain can communicate. The CNS can
affect the functions and activities of intestinal cells more efficiently, thanks to the synergy
of neurological and hormonal signals [65,66]. Furthermore, gut microbiota influences
host health by modifying gut cells and preserving intestinal metabolic and immunological
balance [142-144]. It’s interesting to note that the microbiota also affects the synthesis of hor-
mones and neurotransmitters, including peptide YY, gam-ma-aminobutyric acid (GABA),
serotonin (5-HT), adrenaline, noradrenaline, glucagon-like peptide-1, and dopamine, as
well as their precursors. These chemicals act on the CNS or ENS either directly through the
vagus nerve or indirectly by affecting the circulation [145].

6.10. Surface Transporters

While the activation of BBB surface transporters can improve drug transport, it is
essential to consider the drawbacks of this approach, including saturation, limited transport
capacity, and inadequate targeting compared to receptor-mediated endocytosis. Conse-
quently, the latter mechanism is commonly employed in drug development to enhance
the targeting and penetration of drugs across the BBB. Currently, the prevailing receptor
proteins within the BBB encompass transferrin receptors, insulin receptors, and low-density
lipoprotein receptor-related proteins. These receptor proteins are frequently coupled with
therapeutic protein drugs through fusion with their respective ligands, thereby enhancing
the efficacy of drug targeting and facilitating the passage across the BBB [146].
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6.11. Penetrating Peptides

Penetrating peptides refer to concise sequences of peptides that can efficiently pene-
trate the BBB. BBB-penetrating peptides’ repertoire includes trans-activating transcriptional
activator peptides, R8 peptides, angiopep-2, cell-penetrating peptides, and RVG pep-
tides [147]. Using BBB-targeting ligands for transporting pharmaceuticals across the BBB
represents a precise and efficient approach to facilitating drug delivery.

6.12. Extracellular Vesicles

One approach to enhance the ability of medications to penetrate the brain is by mod-
ifying tiny extracellular vesicles” surface with different peptides that can cross the BBB.
This modification facilitates the effective transport of drugs to the brain [148]. Further-
more, integrating extracellular vesicles and intranasal delivery would undeniably assume
a crucial function in managing neurodegenerative disorders (NDs). Extracellular vesicles
serve as inherent vehicles for drug delivery and possess the ability to traverse the BBB
readily. Consequently, it is common practice among researchers to employ extracellular
vesicles as carriers for drug encapsulation, aiming to enhance the transportation of phar-
maceuticals across the BBB where the improved permeability of the BBB can be achieved
by utilizing tiny extracellular vesicles produced from glial cells, which are loaded with
tetraspanin 2 siRNA [149].

6.13. Liposomes

Like extracellular vesicles, liposomes are also employed as carriers for drug administra-
tion across the BBB. Nevertheless, it is essential to acknowledge that liposomes exclusively
exhibit BBB penetration capabilities rather than BBB targeting abilities. Consequently, these
compounds are frequently co-administered with BBB-targeting agents to elicit their desired
outcomes. It has been demonstrated that including neurotransmitter-derived lipids in
lipid nanoparticles (LNPs) that are impervious to the BBB facilitates the ability of LNPs to
traverse the BBB [150].

6.14. Optical Imaging

Integrating optical imaging with non-invasive techniques offers detailed real-time
visualization at a cellular level. Optogenetics allows for the control of neuronal activity
using light, suggesting potential therapeutic applications [151]. A study involving the
treatment of Parkinson’s symptoms in rodents used optogenetics. The integration of
optical imaging ensured targeted light delivery, leading to controlled neuronal activity and
symptom alleviation [152]. Precision is critical in non-invasive drug delivery. The advent of
novel imaging techniques promises better visualization, improved targeting, and real-time
monitoring of drug delivery [153]. The integration of diffuse optical tomography with
ultrasound has shown potential in providing real-time imaging of drug deposition and
tissue response, enhancing the safety and efficacy of drug delivery [154].

6.15. Peptides

Peptides, with their ability to interact with specific BBB receptors, play a pivotal role
in promoting receptor-mediated transcytosis, a mechanism by which peptides facilitate
the delivery of an array of therapeutic agents like small molecules, proteins, and genes
across the BBB. These peptides target endogenous receptor systems, ensuring a selective
and efficient transfer [155].

The use of peptides in noninvasively facilitating drug delivery across the BBB has been
a subject of intensive research, attributing to their ability to harness endogenous transport
mechanisms without compromising the barrier’s structural integrity. One prominent
strategy involves the design of peptides that can undergo receptor-mediated transcytosis.
These peptides are specifically tailored to bind to specific receptors on the endothelial
cells of the BBB, instigating a process that transports them, along with their drug cargo,
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into the brain. How peptides could be engineered for targeted delivery, enhancing the
selectivity and efficiency of drug transport while minimizing systemic exposure, has been
reported [156].

Additionally, the use of cell-penetrating peptides (CPPs) has gained attention. CPPs
can facilitate the transport of various bioactive cargoes, including small molecules, pep-
tides, proteins, and nucleic acids, across the BBB, particularly the CPP-mediated [157]
transport. Furthermore, developing dual-functional peptides that combine BBB targeting
and drug delivery is an emerging trend. Constructing a dual-functional peptide that could
transport across the BBB and target glioma cells underscores the advancements in precision
medicine [158].

6.16. Antibodies

Antibodies, especially monoclonal ones, have been significantly instrumental in drug
delivery across the BBB. They can uniquely target specific receptors on the endothelial cells
lining the BBB, enabling receptor-mediated transcytosis. This process involves binding anti-
bodies to these receptors, initiating an internalization process that transports them and their
attached drug cargo across the BBB. The efficacy of antibodies in drug delivery can be en-
hanced by reducing their affinity for a transcytosis target, consequently boosting their brain
uptake [159]. The bispecific antibodies, designed to engage with the transferrin receptor
to facilitate BBB crossing and an amyloid-beta peptide to reduce its pathological accumu-
lation in AD, exemplify engineered antibodies” dual targeting capability and therapeutic
potential [160]. Antibody engineering to improve antibodies” pharmacokinetics increases
their potential as drug carriers to the brain [161]. Antibodies are equally instrumental in
bypassing the BBB. A specific example is the monoclonal antibody against the transferrin
receptor, where the mechanism by which antibodies with reduced affinity for a transcytosis
target can significantly enhance the brain’s uptake of therapeutic antibodies [159].

6.17. Intranasal

In recent years, intranasal and intrathecal administration have developed viable and
effective methods for enhancing brain-targeting efficiency in medication administration.
The intranasal route of drug administration is a favorable method for the targeted delivery
of medications to the central CNS owing to the abundant vascularization of the nasal cavity,
which is situated near the brain. Research findings have indicated that the intranasal admin-
istration of exosomes can lead to a notable accumulation of these particles in the brains of
animals with PD [162]. The intranasal delivery of dantrolene has demonstrated enhanced
brain concentration and prolonged duration of action compared to oral administration [163].
The process of intrathecal administration entails the direct delivery of medications into the
cerebrospinal fluid (CSF) that surrounds the brain and spinal cord. This method bypasses
the BBB and enables direct drug delivery to the CNS. Nevertheless, intrathecal adminis-
tration is constrained because of its invasive characteristics, technical intricacy, probable
unfavorable responses, restricted indications, and elevated expenses [164]. Capitalizing on
the direct connection between the nasal cavity and the brain via the olfactory and trigeminal
nerves, this method offers a direct pathway for drug delivery to the CNS. While still in its
infancy, this approach has shown significant potential, especially for delivering peptides
and other macromolecules that traditionally have difficulty crossing the BBB.

6.18. Circadian Rhythm [165]

The circadian rhythms, which regulate several human physiological and behavioral ac-
tivities, are controlled by endogenous biological clocks coordinated by the suprachiasmatic
nucleus. The circadian system significantly impacts various physiological functions, encom-
passing sleep, alertness, and cognitive ability. The perturbation of circadian homeostasis
has harmful implications for human well-being. Neurodegenerative illnesses contain a
diverse array of symptoms, with a notable characteristic being the presence of diurnal
fluctuations in both frequency and intensity.
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Furthermore, these illnesses have been found to alter the equilibrium of the circa-
dian system, resulting in a detrimental impact on symptoms and overall quality of life.
Increasing evidence indicates a reciprocal association between circadian homeostasis and
neurodegeneration, implying that the proper functioning of circadian rhythms may play
a crucial role in advancing neurodegenerative diseases. Hence, the circadian system has
emerged as a compelling subject of investigation and a promising avenue for advancements
in research and clinical interventions. Investigating the impact of circadian disruption on
neurodegenerative disorders can enhance our comprehension of the underlying mecha-
nisms of neurodegeneration and promote the creation of innovative therapies based on
circadian rhythms for these debilitating conditions.

The sensitivity of the BBB to medications exhibits variability following the circadian
rhythm. It has been demonstrated that the administration of the antiepileptic medicine
phenytoin during nighttime has enhanced efficacy in the treatment of seizure models in
fruit flies [166]. One potential cost-effective method could involve strategically managing
medicine administration time to optimize travel efficiency.

6.19. Precision Medicine

Precision medicine encompasses several strategies to achieve more accurate drug
targeting, optimal drug dose, refined illness subtyping, and the meticulous management
of individual variations. Precise medication targeting and dosage can be accomplished
by targeting methodologies, localized drug administration to the specific lesions, and
techniques such as co-focused ultrasound in conjunction with microbubbles. Nevertheless,
categorizing diseases into subtypes remains ambiguous for neurological disorders (NDs),
and comprehending individual variations poses significant difficulties. This signifies a
substantial avenue for future therapy of neurodegenerative disorders.

6.20. Light-Induced Techniques

Optogenetics and photo biomodulation harness light to affect cellular activity. Recent
advancements indicate potential in modulating BBB permeability using specific wave-
lengths of light, especially when combined with photosensitive agents [167]. While these
techniques are in their infancy regarding BBB modulation, the non-invasive nature and
advancements in targeted light delivery make them an area of keen interest.

6.21. Radiofrequency (RF) Modulation

RF energy, a form of electromagnetic radiation, has been explored for its potential
to increase the BBB’s permeability. The concept involves using RF pulses that induce
temporary and reversible changes in the BBB, facilitating drug entry [168]. Though the
method holds promise, defining the precise parameters for safe and effective delivery is a
significant focus of ongoing research.

6.22. Thermal Techniques

Mild hyperthermia, induced by devices like microwave applicators, can increase BBB
permeability. The technique exploits the sensitivity of BBB endothelial cells to temperature
changes, allowing for a temporary “opening” of the barrier [169]. While the method is
promising, ensuring precise temperature control and preventing potential thermal damage
to surrounding tissues remain challenges.

These non-invasive, device-mediated techniques significantly depart from traditional
methods, favoring precision, control, and safety. The advancements promise more effective
drug delivery to the CNS and open avenues for delivering a broader range of therapeutic
agents, including those previously deemed unsuitable due to their inability to cross the
BBB [170]. As research progresses, there is optimism that these techniques will pave the
way for novel treatments, offering hope to millions affected by neurological diseases.

24



Pharmaceutics 2023, 15, 2599

7. Ex Vivo Modeling

Building in vivo and in vitro BBB models and the innovation of research methods are
crucial for several aspects of BBB research, including restoring BBB integrity and enhancing
drug penetration efficiency across the BBB. Hence, this article concisely overviews research
models such as BBB animal, organoid models, and BBB chips. Additionally, it briefly
introduces several invasive and non-invasive BBB research methods, serving as a valuable
resource for fellow researchers.

7.1. Animal Modes

The utilization of zebrafish and Drosophila models is prevalent in BBB research
due to its numerous advantages. These advantages encompass a fast generation time,
cost-effectiveness, advanced genetic manipulation capabilities, and the ability to analyze
intricate behaviors. Utilizing the zebrafish model provides an added benefit due to the
transparency of its early-stage embryos, enabling direct visualization of the BBB.

7.2. Organoid Model

The BBB organoid model, is a scientific approach used to study the BBB in a laboratory
setting. The construction of in vitro organoid models of the BBB involves culturing and
combining different components that make up the BBB to mimic its functional properties
observed in living animals, considering the established composition and structure of the
BBB. Brain microvascular endothelial cells (BMECs) represent a crucial cellular component
within the BBB. The creation of an in vitro organoid model with partial BBB functionality
can be achieved by co-culturing brain microvascular endothelial cells (BMECs) with other
cell types of the BBB, such as astrocytes and pericytes, on a permeable membrane.

7.3. The BBB Chip

The BBB chip is a microfluidic device designed to replicate the human BBB in an
in vitro setting. The primary objective of this study is to investigate the intricate dynamics
between pharmaceutical substances and various small molecules concerning the BBB,
with a particular focus on assessing their capacity to permeate this physiological barrier.
Compared to conventional in vitro methods and animal models utilized in BBB research,
the BBB chip offers a more authentic in vitro BBB model, diminishes the necessity for
animal experimentation, expedites the drug development trajectory, and facilitates the
advancement of tailored therapeutic interventions for neurological disorders [171-173].

The development of BBB chips produced from human induced pluripotent stem
cells (iPSCs) has been achieved by researchers. These chips demonstrate physiologically
realistic trans-endothelial resistance and effectively predict the blood-brain permeability of
pharmacokinetic substances.

8. Summary

The appeal of non-invasive device-mediated techniques lies in their ability to target
specific brain regions while circumventing traditional drug delivery barriers. However,
as with any emerging technology, they come with advantages, challenges, and future
possibilities that need addressing.

8.1. Advantages

e  Precision and Specificity: Techniques like FUS offer pinpoint accuracy in targeting
specific brain regions [174]. This ensures that only the desired area is treated, reducing
the risk of systemic side effects.

e  Versatility: The non-invasive nature of these techniques makes them suitable for a
wide range of applications, from delivering small-molecule drugs to larger molecules
like antibodies or even genes.
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e  Minimally Disruptive: Unlike invasive methods, which can cause tissue damage
or infection, non-invasive techniques are generally safer with minimal
post-procedure complications.

e  Repeatability: Given their non-destructive nature, these techniques can be applied
repeatedly, allowing for chronic treatments or adjustments [175].

8.2. Challenges

e  Understanding Long-term Effects: While initial studies are promising, the long-term
effects of repeated BBB disruption or electromagnetic field exposure remain to be
comprehensively understood [176].

e  Optimization of Parameters: Each technique requires fine-tuning parameters to ensure
efficacy without compromising safety. For instance, ultrasound’s right frequency
and duration of the optimal wavelength for light-induced techniques are vital for
success [177].

e  Systemic Side Effects: Despite targeted delivery, there is a potential for drugs to diffuse
from the target site, leading to unintended effects elsewhere in the brain or body.

e  Technological Limitations: Current devices may not be optimized for deep brain
structures or use in specific populations like children or older adults [178].

9. Future Perspectives

e  Combination Therapies: Combining non-invasive techniques could further improve
delivery efficacy. For instance, using FUS to enhance nanoparticle delivery across the
BBB could combine the strengths of both methods [179].

e Advanced Monitoring: Integrating real-time imaging, like MRI, with drug delivery
can provide immediate feedback, ensuring optimal delivery and minimizing potential
risks [180].

e Personalized Approaches: As our understanding grows, it may be possible to tailor
techniques to individual patients based on their unique anatomy, pathology, and
therapeutic needs [181].

e Expansion to Other Diseases: While the current focus might be on neurological disor-
ders, the potential exists to expand these techniques for other conditions, from brain
tumors to systemic illnesses with CNS involvement [182].

Applications

The potential clinical applications of non-invasive device-mediated techniques are vast.
As more research unravels their potential and addresses the associated challenges, there is
hope these techniques will transform the landscape of neurological treatment, ushering
in an era of more effective and less invasive therapeutic interventions. The progress
of non-invasive device-mediated techniques is closely intertwined with technological
advancements and the integration of imaging modalities. These dual advancements allow
for real-time monitoring and adjustment, ensuring safety and efficacy during treatments.
The synergy between technological advances, integration with imaging modalities, and the
introduction of computational methods heralds a new era for non-invasive device-mediated
drug delivery. These integrative approaches promise enhanced efficacy and pave the way
for personalized treatments tailored to individual patient needs.

The evolving landscape of non-invasive device-mediated drug delivery presents both
challenges and opportunities. Addressing current limitations will determine the trajectory
of this field in the coming years as more conceptual and practical inquiries into the science
and the art of overcoming the hurdle of BBB to treat diseases become evident.

Combining non-invasive device-mediated delivery with emerging therapies like gene
editing or stem cell therapies can potentiate therapeutic outcomes. Accurately delivering
these agents to targeted areas can amplify their efficacy [183]. A recent study employed
focused ultrasound to facilitate the delivery of CRISPR/Cas9 components to the brain,
showcasing potential applications in genetic disorders [184].
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10. Conclusions

BBB offers a promising frontier in neurotherapeutics. While they bring many advan-
tages, challenges that must be addressed through rigorous research persist. The future,
replete with possibilities, could see these techniques revolutionizing not just neuroscience
but the broader landscape of medicine.

The promising advantages and ongoing developments in non-invasive device-mediated
techniques have paved the way for potential clinical applications, ranging from NDs to
brain tumors.

The field of non-invasive device-mediated drug delivery stands at an exciting junc-
ture. The convergence of technological advancements, biomedical research, and clinical
needs promises to revolutionize treatment modalities for various diseases, particularly
those affecting the brain. Addressing current challenges and capitalizing on emerging
opportunities will be pivotal. With continued interdisciplinary collaboration, investment,
and innovation, the full potential of these techniques can be realized, heralding a new era
in medical treatments.

As we gaze into the horizon of non-invasive device-mediated drug delivery, a range of
innovations and advancements come into view. These innovations, stemming from diverse
areas of science and engineering, have the potential to address existing challenges and
propel the field into novel therapeutic paradigms.

The potential of non-invasive device-mediated drug delivery is vast, and as technol-
ogy and biomedical research continue to evolve together, new avenues and possibilities
emerge. The intersection of these advancements holds immense promise for transforming
the therapeutic landscape. As research progresses and innovations are integrated into
clinical practice, patients worldwide stand to benefit from more effective, targeted, and
safer treatments.

While the journey of non-invasive device-mediated drug delivery is intertwined
with challenges and regulatory intricacies, their promise and potential are undeniably
transformative. Here is a closer look at what the horizon might hold.

The realm of non-invasive device-mediated drug delivery is on the cusp of redefining
therapeutic interventions, especially for conditions previously deemed untreatable. The
intertwined dance of science, technology, ethics, and humanity promises a future where
treatments are effective and compassionate. As we stride ahead, let this journey be marked
by innovation, inclusivity, and an unwavering commitment to enhancing human lives.

Harnessing the power of artificial intelligence (AI) and machine learning can optimize
treatment parameters, predict patient responses, and improve therapeutic outcomes [185].
A recent project employed Al algorithms to analyze patient data and optimize focused
ultrasound settings, enhancing treatment precision and reducing side effects [186].
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Abstract: Among the challenges to the 21st-century health care industry, one that demands special
mention is the transport of drugs/active pharmaceutical agents across the blood-brain barrier (BBB).
The epithelial-like tight junctions within the brain capillary endothelium hinder the uptake of most
pharmaceutical agents. With an aim to understand more deeply the intricacies of cell-penetrating
and targeted peptides as a powerful tool for desirable biological activity, we provide a critical review
of both CPP and homing/targeted peptides as intracellular drug delivery agents, especially across
the blood-brain barrier (BBB). Two main peptides have been discussed to understand intracellular
drug delivery; first is the cell-penetrating peptides (CPPs) for the targeted delivery of compounds of
interest (primarily peptides and nucleic acids) and second is the family of homing peptides, which
specifically targets cells/tissues based on their overexpression of tumour-specific markers and are
thus at the heart of cancer research. These small, amphipathic molecules demonstrate specific physical
and chemical modifications aimed at increased ease of cellular internalisation. Because only a limited
number of drug molecules can bypass the blood-brain barrier by free diffusion, it is essential to
explore all aspects of CPPs that can be exploited for crossing this barrier. Considering siRNAs that
can be designed against any target RNA, marking such molecules with high therapeutic potential,
we present a synopsis of the studies on synthetic siRNA-based therapeutics using CPPs and homing
peptides drugs that can emerge as potential drug-delivery systems as an upcoming requirement in
the world of pharma- and nutraceuticals.

Keywords: cell-penetrating peptides (CPPs); endosomal entrapment; homing peptides; blood—brain
barrier (BBB); tumour-specific markers; siRNA-CPP delivery

1. Introduction

There are considerable breakthrough discoveries on the structure and development of
synthetic and natural drugs that have gained importance in science and clinical studies.
Often, scientists from around the globe create compounds that possess the potential to
revolutionise health sciences. However, not all of them produce significant results when
administered. Brain tumours and associated cancers are often fatal to patients because
treatment such as chemotherapy is complicated due to extensive intratumoral heterogeneity
that renders poor penetration of the drugs through the blood-brain barrier (BBB), causing
less bioavailability of drugs and a lack of selective tumour targeting [1]. Thus, the success
of any drug requires a comprehensive analysis of its mode of action as well as a study of
the system targeted by the compound of interest.

A very superficial drug classification involves two terms in daily use: (i) extracellular
and (ii) intracellular drug delivery. The latter has captured the attention of medicine

Pharmaceutics 2023, 15, 1999. https:/ /doi.org/10.3390/pharmaceutics15071999

https:/ /www.mdpi.com/journal/pharmaceutics
35



Pharmaceutics 2023, 15, 1999

because the introduction of various biomolecules into the cytosol (or a targeted intracellular
compartment) is a powerful tool for the manifestation of desired biological activities. For
a long time, transport across the lipid bilayer remained the major challenge. Micelles
provided a solution to this long-encountered transportation hurdle as they could transport
a series of different molecules ranging from hydrophobic drugs and proteins to genes [2].
Transport systems soon became increasingly sophisticated, and today we are the proud
possessors of multiple techniques that make targeted drug delivery feasible (Figure 1).
Such techniques can be conveniently identified as macro, micro, or nano techniques based
on their impact resolution [3]. The passage of compounds across the plasma membrane
can be obtained by membrane fusion, endocytic pathways, trans-membrane transporter
proteins, and membrane-disruption-facilitated techniques such as direct cell penetration or
increased permeability [4]. The last decade has witnessed a plethora of the latest techniques
enabling small cell-penetrating peptides (CPPs), peptide shuttles, and brain-permeable
peptide—drug conjugates (PDCs) to cross the formidable barrier of the brain parenchyma
and endothelial cells. In order to achieve a delayed-release pattern, it is essential that our
drugs of interest be encapsulated within biocompatible carriers that increase their plasma
life and stability. As a result, peptide-based drug delivery systems have an advantage
over current medications [5]. One such mechanism of intracellular drug delivery brings
CPPs into the picture. Furthermore, most circulating physiological ligands are either
proteins/peptides or peptide-conjugated complexes; thus, peptides are also considered the
better choice for specific or targeted drug delivery.

6.
Nanotechnology-based
delivery systems:

1.
Transport Across Lipid Bilayer:

Liposomal-drug delivery system
are microscopic lipid membrane
surrounding aqueous
compartments and peptide

A promising tool for drug delivery
for organic, inorganic or peptide
based drugs

5

Direct Penetration: Cell
Penetration Peptides

CPPs are defined by their easy internalization
into cells, owing to their characteristics chemical
and physical features. Another such class is
that of the ‘Homing peptides’ which are known to
target specific cells/tissues based on their
overexpression of tumor specific markers

Intracellular Drug Targetting

Physical Techniques

Introduction of various biomolecules
in the cytosol/various intracellular
compartments, can actas a
powerful tool for manifestation of
desired biological activities

From electro-, sono- and photoporation

to the use of nanostructures, membrane

disruption can be used for intracelluar
passage of desirable structures

3.
Trans-Membrane
Transporter Proteins

4.
Membrane Fusion: The
Endosomal Pathway

Use of protein passages for cytosolic
delivery has been the efficient tool
for intracellular drug delivery. Solute
Carriers (SLCc) form the largest
family of such passages

Though endosomes are a great tool
for intracelluar drug targetting, they
pose a major challenge to the
system as is studied under
'Endosomal entrapment’

Figure 1. Intracellular drug targeting and the various drug-delivery pathways (the figure has been
prepared using Adobe Animate CC software, https:/ /www.adobe.com/in/products/animate.html
(accessed on 24 June 2023)).

Despite the number of advantages that this system possesses, one cannot completely
rule out the advantages of the lipid-mediated mechanism, which practically started the
science of intracellular molecular delivery [2]. Hence, lipid—peptide conjugates have arisen
as the new mediators of nutraceuticals, with increased biological stability and mechanical
strength, controlled release, greater circulation time, targeted delivery, and decreased cyto-
toxicity [4,6]. Moreover, passage through the lipid bilayer demands optimal hydrophobicity.
These distinct structural features have rendered CPPs as potential molecules in the science
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of drug (both biomolecule and nanoparticle) delivery. TAT-peptides conjugated to iron
oxide nanoparticles were the first to be used for CPP-mediated nanoparticle delivery across
the BBB [7]. Similarly, solid-lipid nanoparticles (SLNs) conjugated to TAT-peptides have
been delivered to CNS without compromising the integrity of the BBB [8]. CPP-modified
quantum dot-loaded polymeric micelles were prepared from a copolymer polyethylene
glycol phosphatidyl ethanolamine (PEG-PE) bearing the TAT-PEG-PE linker and have
been the most used CPPs for therapeutic delivery across the BBB [9].

Additional classes of targeting peptides are the ‘homing peptides’. These classes of
peptides have become helpful in cancer research, especially for brain tumours, as they are
known to target specific cells/tissues based on their overexpression of tumour-antigens
or specific markers [10]. This article focuses on peptide-based delivery systems and the
implications of various ways of reaching tissues by penetrating the blood-brain barrier.

2. Cell-Penetrating Peptides (CPPs)

Two decades ago, the concept of peptide-transduction domains (PTDs) emerged with
the observation of transcription factors that could move to and from the cell membrane
as well as from one cell to another [11]. The 1988 discovery is credited to Frankel and
Pabo, who demonstrated that the HIV-1 Tat (transcription-transactivating) protein not
only enters the cells but also relocates to the nucleus [12]. A series of such observations,
studies, and discoveries finally led to the era wherein the PTDs of CPPs can deliver
drugs/medication(s) into cells of interest. Simply, CPPs can be considered the hitchhiker’s
ride to a predetermined destination. The transport can take place either by covalent
bonding, leading to the formation of a drug—CPP conjugate [13], or by the formation of
non-covalent conjugates [11]. CPPs are essentially a 15-25 long amino-acid sequence of
amphipathic molecules rich in positively charged amino acids, primarily arginine. Arginine
is preferred over lysine owing to the extra H-bond of the guanidium group. Naturally,
all characteristic features of CPPs are primarily aimed at improving internalisation into
the cells.

The Pep- and MPG families of small peptides are instances of such amphipathic cell-
penetrating molecules that can form conjugates with proteins and nucleic acids, respectively,
and can aid in obtaining the desired results [14]. CPPs can form peptide nucleic acid (PNA)
conjugates, which can increase the uptake of therapeutic nucleic acids by cells of interest.
This increase in PNA uptake by hepatocytes was studied by Ndeboko et al. to inhibit
replication in duck hepatitis-B virus following a low-dose administration [15].

2.1. Various Strategies of CPP-Mediated Drug Delivery

CPPs are designed to successfully deliver macromolecules into the cytosol; thus, they
are used as delivery systems rather than therapeutic agents [16]. CPPs may be transported
directly across the cellular membrane or by entrapment as peptides/cargo within the endo-
somes. Endocytic pathways usually involve one of the energy-dependent mechanisms such
as phagocytosis, caveolae-mediated endocytosis (CvME), clathrin-mediated endocytosis
(CME), or cholesterol-dependent endocytosis. In the uptake of peptides like TAT, polyargi-
nine, and NickFect families of peptides (NF51/NF1), it was observed that macropinosomes
are formed by rearrangement of actinic cytoskeletal elements and invagination of the cellu-
lar membrane, thus entrapping extracellular fluid [17,18]. Similarly, reordering the actinic
cytoskeletal elements by clustering the caveolin-1 proteins was used for the uptake of CPPs
with cargoes such as p18, p28 azurin fragment, CVP1 (chicken anaemia-derived CPP),
PepFect14/DNA conjugate, and TAT via the CvME pathway [19,20]. In clathrin-mediated
endocytosis (CME), the interaction of peptides with specific cell surface receptors leads to
the formation of vesicles in phosphatidylinositol 4,5-biphosphate-rich regions of the plasma
membrane. Thereafter, an adaptor protein binds to phosphatidylinositol 4,5-biphosphate
forming coated pits where dynamin, the energy-rich GTPase, cleaves and releases the
clathrin-coated vesicles with their delivery to early endosomes [21,22]. Anionic CPPs,
oligo-arginine, and TAT are known to involve CME in peptide delivery to the cells [23].
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At physiologically low temperatures, when a positively charged CPP interacts with
the negatively charged phospholipid bilayer of a membrane, it may skip adherence to the
lipid bilayer and be translocated without the aid of energy [24]. This direct translocation
involves four different internalisation methods, namely, the inverted micelle model, barrel
stave model, carpet-like model, and toroidal pore model [25]. In the inverted micelle model,
conjugated hydrophilic CPPs interact with hydrophobic inner lipid membranes, forming
hexagonal micelles that release the cargo after interaction with the inner membrane, thereby
destabilising the micelle [19]. At a high concentration of CPPs and high pH, perpendicular
pores are formed on the cell surfaces lined by hydrophilic residues of the CPP encircling
the internal milieu of the pores; this is known as the barrel stave model [24]. Bohmova et al.
proposed the toroidal pore model and carpet-like model for direct translocation [22]. In the
toroidal model, the hydrophilic residues of CPPs are associated with the polar lipid heads,
forming a wall that houses both the inserted peptides within the hydrophilic phospholipid
cell membrane and, in the carpet model, this interaction leads to remodelling of the cellular
membrane as internalisation occurs without the hydrophobic core, forming a hole in the
membrane (Figure 2).

Phospholipid bilayer

CPP within Hydrophobic part
of the membrane

Phospholipid bilayer

Helix conformation of CPP

Phospholipid bilayer

Hydrophobic pore of CPP with
hydrophilic heads of membrane

Phospholipid bilayer

Peptides are in parallel to the
hydrophobic membrane

Lipid biolayer transforms into a
micelle, forming a transient hole

Carpet-like model

Figure 2. Graphical representation of the direct internalisation of CPPs via cell membranes. The blue
and red colours represent the hydrophobic and hydrophilic parts of the peptide, respectively [25] (the
figure has been created using Adobe Animate CC software, https:/ /www.adobe.com/in/products/
animate.html (accessed on 25 June 2023)).

2.2. Escape of CPPs from Endosomal Entrapment and Protease Degradation

CPPs at low levels are classically internalised via endocytic pathways, and the macro-
molecules used as therapeutic peptides often enter cells and become entrapped inside endo-
somes. Endosomal escape represents a major hurdle for the usage of CPPs as delivery systems
and/or therapeutics [26,27]. The endosome escape route for CPPs is difficult to envisage and
still not fully understood [28,29]. However, the endosomal escape of CPPs can be achieved
if they are translocated in the cytosol where the therapeutic targets are situated without
disturbing the endosomal membranes or causing toxicity. In this section of the manuscript,
we present the many strategies mentioned in the literature as well as some future directions
that indicate the mechanisms by which CPPs can escape endosomal entrapment.
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Cell toxicity caused by strong peptide-lipid interactions may be harmful to the cell
but may help the CPP to escape the endosomal membrane. Thus, key properties may
be harnessed for the selective benefit of CPPs. Endosomes undergo the high synthesis
of bis(monoacylglycerol)phosphate (BMP) in the late phase, which makes them more
acidic on maturation. This shift in pH driven by a proton pump facilitates some CPPs to
undergo alterations in their three-dimensional structure and helps them to cross endosomal
membranes [30-32].

In some studies, it has been shown that a six-polyethylene glycol unit (PEG-P6-
GFWEFG) TAT used as a CPP, in combination with hydrophobic endosomal escape domains
(EEDs), significantly downregulated cellular toxicity while sustaining cell-penetrating ca-
pabilities [33]. Histidine residues with the imidazole group changed to positively charged
motifs at a pH below 6; hence, poly-histidine sequences contribute to endosomal escape [34].
This was successfully demonstrated in delivering plasmid DNA with the reporter protein
luciferase to human glioma cells in the brain using TAT, covalently attached to 10 His
residues (TAT10H) [35].

In 2014, Qian et al. proposed that the cyclic peptide cFPR4, commonly used for
stability, could be strategically internalised through endocytosis, and thereafter escape
from endosomes [36]. Along similar lines, oligomerisation of CPPs is also considered a
resourceful approach to counter endosomal entrapment. A CPP TAT (dfTAT) was designed
to form dimers between two Cys residues, which enhanced cytosolic release by 90-fold,
whereas its earlier efficiency was only 1% [37]. This suggested that these peptides reach the
cytosol via endocytosis and escape because of pH acidification [38]. Moreover, chirality
improved the stability and penetration ability of D-dfTAT. This peptide also showed better
resistance to protease digestion and enhanced the lytic ability of the endosome membrane.

The CPPs that can successfully overcome endosomal entrapment usually employ
the following mechanisms to escape endosomes: (a) Budding: This proposal has recently
gained prominence as it is very likely that high concentrations of CPPs can lead to the
formation of smaller vesicles by cutting off from the original endosome that readily de-
grades and releases their content [39]. (b) Membrane disruption: CPPs are known to
possess positively charged surfaces that tend to react with negatively charged acyl chains
of phospholipid headgroups of the lipid bilayer. This causes transient disruption of the
endosomal membrane and the release of cargoes [40,41]. (c) Proton sponge effect: The
sustained influx of protons into the luminal space of endosomes causes the internalisation
of chloride ions, which leads to the osmotic imbalance and mechanical disintegration
of endosomes [42,43]. Of late, studies have claimed the proton sponge hypothesis to be
non-feasible and unrealistic [44,45]. (d) Pore formation: Considering CPPs as bacterial
endotoxins, they behave similarly by inserting and oligomerising into the lipid bilayer.
The hydrophobic cores of CPPs form defined pores that make the endosomal membrane
permeable to release the inside content [46,47]. This theory has also been challenged as
few macromolecules are delivered into the cytosol that are larger than the pore diameter
created by peptide oligomerisation [48]. Mechanisms to escape endosomal entrapment is
illustrated in Figure 3A-D.

Clearly, there is no ‘rule of thumb’ to overcome this challenge of endosomal entrap-
ment. It is an uphill task to achieve a win—-win situation of not breaking the cell membrane
while breaking free from the endosomal membrane. To achieve endosomal selectivity,
several factors that affect cellular uptake and translocation across the plasma membrane
should be employed. The uptake of cargo depends first on the composition of the lipid
and protein content of the plasma membrane and second on the concentration and phys-
iochemical properties of the peptide and its cargo. CPPs with a high positive charge, e.g.,
more arginine domain with the guanidinium group as well as amphipathic peptides, are
better suited for direct cellular uptake than endocytosis. Generally, at high concentrations,
direct transportation occurs by temporarily destabilising the plasma membrane and, at
low concentrations, endocytosis is observed. Transportan, a primary amphipathic CPP,
and arginine-rich CPPs at low concentrations are mainly endocytosed, while rapid cyto-

39



Pharmaceutics 2023, 15, 1999

plasm entry occurs at higher concentrations. Similarly, at higher concentrations, CPPs
like R8, R9, and TAT are taken up via vesicular structures like clathrin or endosomes
and, at low concentrations, uptake mainly occurs via nonendocytic nucleation zones or
direct transportation across the plasma membrane. But there are many alterations to these
observations. Penetratin at low concentrations leads to direct translocation, while at high
quantities, endocytosis prevails [19]. Thus, CPP uptake, depending on concentration, can
be more complex than envisaged.

(A) Cytosol (B) Cytosol

LD i
I

Endosomal lumen Endosomal lumen

() e CI, Wytosol (D) Cytosol

Cr

W)

Figure 3. Various mechanisms to escape endosomal entrapment include (A) budding, (B) membrane

2ipi4R

Endosomal lumen

3ip 128

disruption, (C) proton sponge effect, and (D) pore formation (the figure has been created using Adobe
Animate CC software, https:/ /www.adobe.com/in/products/animate.html (accessed on 24 June 2023)).

A recent paper by Nadal-Bufi et al. presented the strategies that form the basis of future
directions towards disabling the endosomal entrapment of CPPs and releasing therapeutic
peptides to their targeted site [49]. First, CPPs should be designed to deliver therapeutic
peptides by the optimisation of EEDs or the identification of new EED sequences. EEDs
characteristically have cationic and hydrophobic residues that can selectively bind and
disrupt cell membranes and reduce toxicity. Among the natural sources, virus and antimi-
crobial peptides possess high lytic activity and active membrane properties; thus, they can
be employed to design EEDs. Also, at an acidic pH, the overall positive charge of CPPs
is enhanced, which improves cellular uptake and endosomal escape. Incorporating Arg-
residues within the sequence of CPPs can be an approach to increase the positive charge
against endosome membranes with a high proportion of negatively charged lipids. Thus,
cyclisation of stereochemical changes in CPPs can increase their uptake as well as improve
endosomal escape [50]. However, there is no certainty in some CPPs that have the capacity
to permeabilise and escape from endosomal membranes to reach the cytosol [51]. Moreover,
sometimes the cargo itself can change the properties of CPPs; thus, a sound understanding
is required to judiciously strategise therapeutic CPPs that can target intracellular proteins
as well as escape endosomal entrapment.

Targeting peptides face another problem of proteolytic degradation within the cellular
compartments. Nanomaterial-based drug delivery systems have been proven to cross
the BBB either by carrier-mediated transcytosis (CMT), adsorptive-mediated transcyto-
sis (AMT), or receptor-mediated transcytosis (RMT) and have often offered protection to
proteolysis. Lipid-based nanoparticles (NPs) with surface modifications via transferrin,
lactoferrin, glucose, and glutathione polyethylene (PEG) are more effective in BBB perme-
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ability. PEGylation of gold and silica NPs have also been shown to increase biocompatibility.
Polymeric-based NPs such as chitosan, hydroxyl polyamidoamine (PAMAM), and poly
(D,L-lactide-co-glycolide) (PLGA) have better physical and chemical properties and are
highly resistant to degradation [52].

The modification of peptide sequences including amino acid incorporation within the
backbone or the non-canonical side chains, enantio/retro-enantio isomerisation, and the
cyclisation of N and C-termini further enhances protease resistance. Peptides modified
with such changes are termed “peptidomimetics’. N and C termini modifications prevent
exoprotease-mediated hydrolysis. Backbone changes like isosteric replacement of amide
bonds, carbon skeleton extension or amide alkylation, N-methylation and a-methylation,
or the addition of 3 or y amino acid residues impart protection from endoproteases. These
changes increase lipophilicity by reducing hydrogen bond formation, thereby enabling
peptides to cross biological barriers. The D-enantiomeric amino acid is usually a ‘retro-
enantio isomer’ that displays side chain topology like that of its native L-form with inverted
amide bonds. Such retro-enantio isomers have reduced immunogenicity and are resistant
to proteolytic degradation. Cyclical peptides have better biological activity than linear
peptides as the cyclical configuration is mostly favoured for high peptide affinity due to
better binding of the target protein [53].

3. Homing Peptides for Targeted Drug Delivery

One class of tumour-homing peptides (THPs) includes 3-15 residues and long, receptor-
specific peptide molecules wherein the target receptors can vary from intracellular to cell-
surface bound receptor molecules [10]. THPs can be characterised and identified based on
specific sequences that can recognise and bind to receptors widely expressed in tumour cells.
Integrins are among such commonly recognised cell-surface receptors. These receptors play
a primary role in anchorage by binding cells to the extra-cellular matrix. These integrins
can identify short peptide sequences or tripeptides like Arg-Gly-Asp (RGD) [54]. This
RGD peptide was the first to be documented against endothelial cell integrins [55]. Such
peptides are known to form many drug conjugates, thus easing the process of drug delivery
owing to their strikingly small sizes and low molecular weights. Another similar tripeptide,
NGR (Asn-Gly-Arg), is known to target the endothelial cells of neoangiogenic vessels [56].
To bring our drugs from paper to practice, these small peptides can conveniently act as
vehicles for targeted drug delivery. Hence, these peptides are now at the heart of advanced
cancer medicine and associated research.

Unlike the CPPs that can be internalised by diverse cell lineages, THPs show receptor-
mediated, endocytic cellular internalisation and are hence increasingly relevant for lineage- or
tumour-specific drug targeting [57]. Evidently, in addition to chemical composition, specificity,
mode of action, and physiological impacts, another essential criterion for drug selection is
the time of action. Certain conditions might demand delayed or sustained drug release
while others might call for an immediate or burst release. Most SOS or over-the-counter
medications should ideally belong to the latter class. Both CPPs and THPs can be manipulated
for temporally monitored administration of drugs. This conclusion can be easily drawn
because the collective process of THP binding and incorporation into a target cell requires less
than 120 min [57]. A series of studies on colon-cancer-homing peptides (CPP2) and myeloid-
leukaemia-homing peptides (CPP44) brought us to believe that these homing peptides are
taken up in an ATP-dependent manner and that their internalisation is not influenced by
serum components. In addition, certain CPPs such as CPP44 show selective and preferential
entry in tumour cell lines only [58]. This selectivity can be a tool in minimising or altogether
negating the adverse physiological impacts of cancer medications and therapies.

4. Peptide-Mediated Drug Delivery Systems across the Blood-Brain Barrier
4.1. Introduction to the Blood—Brain Barrier (BBB)

The brain, like all other vital organs of the body, needs nutrients and gases to func-
tion properly. It is substantially protected by three coatings of meninges protecting the
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BBB from overexposure to potassium, glutamate, and glycine, which, at increased con-
centrations, can be neurotoxic [59]. Armed with a widespread blood capillary network,
the BBB is considered an important barrier that regulates drug molecule access to the
brain parenchyma. Tight junctions (T]s) and adherens junctions (AJs) are the two main
junctional complexes of the BBB that regulate the influx and efflux of substances through
the paracellular pathway connecting the endothelial cells of brain capillaries. Apart from
the BBB, the blood—cerebrospinal fluid barrier (BCSEB), circumventricular organ barrier
(CVOB), and arachnoid barrier (AB) filter out small and large drug molecules and 98% of
pharmaceuticals [60]. In most cases, it has been noted that most drugs remain inaccessible
to the brain as they are flushed out by the BBB via the return journey of the CSF to the
blood or through the transporters present in the brain parenchymal cells [61]. The extra-
cellular base membrane, a layer of endothelial cells (ECs) connected to astrocytes (ACs)
and pericytes (PCs), and microglia form the neurovascular units (NVUs) of the BBB, which
stops the penetration of drugs into the CNS [62,63]. Drugs administered via intravenous
routes are unable to cross NVUs, which has remained a challenge to date [64].

Several ways of transport are known that enable drug molecules, lipid-soluble small
molecules, weak bases, and electrically neutral solutes to diffuse passively across the BBB,
as shown in (Figure 4) [65,66]. Any drug molecules that can passively diffuse across the
BBB should have a molecular weight of less than 400 Da, good lipophilicity, a log of the
octanol-water partition coefficient (logPo/w) between five and six, and fewer than eight
hydrogen bonding groups [67,68]. This passive diffusion may transfer nutrients/drugs
by passing through the intracellular space (paracellular) or moving solutes through a cell
(transcellular). Regrettably, it has been determined that more than 98% of drugs targeted to
CNS cannot cross the BBB at the minimum therapeutic concentration [18]. Thus, CPPs and
homing peptides are new strategies anticipated to escape the BBB, thereby improving drug
delivery to the CNS [59].
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Figure 4. Various cellular interactions and the transport across the blood-brain barrier (the figure has
been created using Adobe Animate CC software, https:/ /www.adobe.com/in/products/animate.
html (accessed on 24 June 2023)) [66,69].

4.2. Cell-Penetrating Peptides as Delivery Systems across the Blood—Brain Barrier

CPPs are the peptide-based drug delivery system that holds promising and attainable
prospects to deliver drugs to the brain. These small synthetic peptide shuttles (containing
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natural amino acids) enable the influx of a varied range of small molecules across the
BBB. These natural peptides are derived from various sources, namely, HIV proteins
(TAT, RI-OR2-TAT), the rabies virus (RVG-29), phage receptors (Pep-22, TGN, G23, 17,
THR), venom neurotoxins (Apanin, MinApa4), and neurotropic endogenous peptides
(regulon polypeptides, RAP, angiopep-2). Incidentally, although these compounds are
highly pathogenic or toxic, they are reported to be non-toxic to neuronal cells [70].

Despite the well-studied ability of CPPs to enter mammalian cells, it is only a few
fragmentary studies that mention their transcellular aspects [71]. A study conducted on
Caco-2, the human colon cancer cell line, investigated the differential penetration of three
different CPPs across the plasma membrane, namely, transportan, penetratin, and TP-
10, and it was concluded that Transportan and transportan analogue TP-10 traverse the
membrane primarily by a transcellular mechanism [72]. Similar studies conducted for Tat
proteins showed a plasma—membrane permeation barrier in well-differentiated epithelial
cell lines, i.e., Caco-2 and MDCK, which was absent in HeLa [73]. A BBB transport study
conducted for such peptides demonstrated wavering levels of cell penetration wherein the
Tat basic proteins showed a greater degree of cellular entry compared to the transportan
peptides. Also, it was deciphered that the mere cell-penetrating ability of CPPs is not
indicative of their ability to traverse the BBB [71]. The blood-brain barrier is a tool for
homeostasis and is selective to an extent wherein it is rendered almost impermeable [74]. As
a result, certain small molecules/drugs and almost all large molecules cannot cross the BBB
and hence cannot be used for therapeutic approaches. The first instance of the transport of
a biologically active compound in the brain was shown by fusing the beta-galactosidase
protein to the protein transduction domain (PTD) of the Tat-protein (Figure 5) [75]. Hence,
experiments were conducted using conjugated drugs and the data obtained for CPP and
nanomaterials showed that these conjugates could pave a path for treating CNS-associated
disorders [76]. However, every advancement that has been introduced in drug delivery
across the BBB has met multiple limitations and challenges owing to the complex design and
the physiological impact of any disruptions that occur at the membrane. Notwithstanding
these challenges, CPPs are coming up as potential tools for accomplishing such complicated
drug deliveries.

14 <
beta- galactosidase PTD of Tat protein

Figure 5. Drugs conjugated to Tat-protein can be targeted across the blood-brain barrier. CPPs can
show transcellular movements either by traversing across junctions or through endocytic pathways
(the figure has been created with the help of BioRender).

Most of the earlier known CPPs are either covalent or non-covalent peptide-based
delivery systems. Carrier peptides have many limitations: (i) lack of biocompatibility and
bioavailability; (ii) may be toxic and antigenic; (iii) lack chemical fixation; (iv) may lose
specificity to the target site; and (v) may get degraded by endosomes or proteasomes. In this
context, MPG and Pep families of cell-penetrating small peptides have been successfully
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applied to the delivery of different cargoes (siRNA and peptides) both in vitro and in vivo,
especially delivering therapeutics across the BBB. Listed are those CPPs that can act as a
substitute for a covalent and non-covalent strategy for the delivery of drugs across the BBB.

4.2.1. Lipoprotein-Enabled Novel Shuttle Peptides

Numerous novel shuttle peptides have been explored but efficient transport to the
brain must be improvised, and researchers are still seeking the perfect approach to allow
drugs to pass through the BBB. Lipoproteins seem to possess a significant ability as delivery
systems to cross the BBB; for example, apolipoprotein B (ApoB), and apolipoprotein E
(ApoE) equivalents were found to infiltrate the BBB [77,78]. Analogues of high-affinity lipid-
associated peptides, namely, Ac-mE18A-NH2, Ac-hE18A-NH2, and Ac-hE(R)18A-NH2,
tagged with hApoE, showed high internalisation compared to the control (Ac-R1018A-
NH2), in which the receptor-binding domain contained only the positively charged arginine
(R) [79]. Brain necrosis was significantly reduced in a mouse model with a therapeutic
peptide (HAYED) that was an analogue of apolipoprotein E (K16APoE) tagged to 16 lysine
(K16) residue linked to a low-density lipoprotein receptor-related protein (LDLR) [80].

4.2.2. Naturally Derived CPPs

Amid the naturally occurring CPPs, virus-derived peptides have revolutionised tar-
geted drug delivery across the BBB. A rabies virus glycoprotein (RVG-29) readily docks
to the nicotinic acetylcholine (nAChR) receptor located on the endothelial cell lining
and neuronal cells, thus facilitating its penetration across the BBB [81]. Overexpres-
sion of the a-synuclein (x-Syn) gene is the hallmark in Parkinson’s disease (PD) and
the therapeutics pertain to the delivery of a shorter RVG linked to the negatively charged
siRNA to suppress a-Syn. This version of RVG has a spacer of four additional glycine
followed by positively charged arginine (R) at the end of the C-terminus (C2-9r (H2N-
CDIFTNSRGKRAGGGGrrrrrrrrr, where r is D-arginine [82])). HIV-1-TAT peptidecan
spontaneously internalise semiconductor nanowire (51 NW). TAT linked to surface SINWs
facilitates the internalisation of NW into mouse hippocampal neurons as well as into
primary dorsal root ganglion (DRG) neurons [83]. Dengue virus type 2 capsid protein
(DEN2C) can be used as a trans-BBB peptide vector as its translocation was shown to be
receptor-independent while being steady with absorptive-mediated transport (AMT). One
such peptide is PepH3, which shows tremendous potential for high brain penetration by
crossing the BBB. This peptide is easily cleared from the brain via excretion; thus, it is a
good candidate as a peptide shuttle to cargo in and out of the brain [84].

Other natural peptide-based shuttles are the venom-derived CPPs that have been
demonstrated to traverse across the BBB and deliver drugs to the desired site. The mono-
cyclic lactam-bridged peptidomimetic (MiniAp-4) analogue, derived from apamin (a neu-
rological toxin from bee venom), was devised by minimising its intricacy, toxicity, immuno-
genicity, and protease resistance, while efficiently transporting drugs across the BBB into
the brain parenchyma [85].

Nanoligand carrier (NLC), a brain-specific phage-derived peptide, is known to target
cerebral endothelial cells via a transferrin receptor. Some phage peptides can recognise and
bind their target, transit through the BBB, and reach neurons and microglial cells. NLC-
-secretase 1 (BACE1), another of the phage-displaying, self-assembled peptide siRNA
complexes, displays effective BACE1 suppression in the brain, without inflammation
and/or toxicity. Therefore, to overcome limitations in specificity and efficacy, NLCs act
as safe multifunctional CPPs or phage-display peptide nanocarriers [86]. A brain glioma
cascade delivery system (AsTNP) was established by utilising an AS1411 aptamer and
phage-displayed TGN peptide. The docetaxel-loaded AsTNP easily crossed the BBB
and exhibited an anti-glioma effect with improved glioma survival [87]. Furthermore,
two selected phage-display peptides, GLHTSATNLYLH and VAARTGEIYVPW, when
co-cultured with primary rat endothelial cells and primary rat glial cells (astrocytes and
microglia), crossed the BBB via active transport mechanisms [88].
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4.2.3. CPP-Mediated Nanocarriers

Peptidomimetic antibodies/ligands can be tailor-made by conjugating with nanocar-
riers that can identify transcytotic receptors on the membranous surface of the BBB for
efficient delivery [89]. Nanoparticles (NPs) conjugated to drugs or diagnostics can en-
capsulate, adsorb, and get released at specific target sites/organs, including the brain.
Biologically active polymeric NPs tagged with a TAT peptide (Tat-PEG-b-chol) can suc-
cessfully deliver drugs across the BBB [90]. The polyamine (putrescine)-modified F(ab’)
portion of an anti-amyloid antibody formulated with chitosan nanoparticles was also
delivered to the brain [91]. Polymeric NPs (PMNPs) comprised of polysaccharides, pro-
teins, amino acids, and polyesters are most extensively studied for brain drug delivery.
PMNPs allow for transit across the BBB by either disrupting the tight junctions (TJs) and
mucoadhesion in the brain capillaries or via transcytosis through brain endothelial cells [92].
Poly-ethylene glycol (PEG) liposomes are extensively used to conjugate with transferrin
(Tf) and poly-L-arginine (cell-penetrating peptides) for delivering brain imaging drugs and
DNA [93]. TfR-specific peptide B6 and endothelial growth factor receptor (EGFR) GE11
peptide can transport siRNA across the BBB [94]. 7-amino acid glycopeptide (g7) was used
to deliver responsive angiopep-2-decorated poly(lactic-co-glycolic acid) (PLGA) hybrid
NPs, while methoxypolyethylene glycol (MPEG) and methoxypoly (ethylene glycol)-b-
polycaprolactone (PCL) NPs conjugated with angiopep-2 accumulated in the brain [95].
K16ApoE-decorated PLGA-NPs have shown a higher uptake into the brain and provided
better MRI contrast for diagnostic purposes [96].

4.2.4. CPP-Enabled Metallic Nanopeptides (NPs)

Metallic NPs are another form of nanocarriers that are extensively used to improve
imaging as they can effectively cross the BBB. Also, glutathione (GSH)-conjugated iron
NPs (GSHIONPs) forming IONPs@Asp-PTX-PEG-GSH are steady, non-toxic, and show
improved MRI contrast for brain imaging [97]. In comparison to normal NPs, maleic
anhydride-coated superparamagnetic iron oxide nanoparticles (Mal-SPIONs) showed
improved dissemination to the thalamus, temporal lobe, and frontal cortex, [98]. Gold NPs
conjugated to TAT (AuNPs-TAT) or glioma-specific peptide chlorotoxin (CTX) (Au PENPs)
and showed improved cellular uptake in the brain [99]. Silicon NPs (pSiNPs) delivered
siRNA across the BBB to treat brain gliomas with rabies virus-mimetic silica-coated gold
nanorods [100].

4.2.5. CPP-Enabled Exosomes

Exosomes are naturally produced by dendritic cells, monocytes, and macrophages
with characteristic layers of lipids containing many adhesive proteins that help them
interact well with the cellular membranes without getting entrapped within mononuclear
phagocytes [101]. Thus, these have been explored to enhance the delivery of incorporated
drugs to target cells, including the brain [102]. Exosomes derived from dendritic cells
were used for combining neuron-specific RVG peptide tagged with lysosome-associated
membrane protein 2b (Lamp2b) to carry siRNA into mouse brains. It was observed that
serum levels for interleukin (IL)-6, tumour necrosis factor (TNF)-«, interferon gamma-
induced protein (IP)-10, and interferon (IFN)-« serum substantially increased compared to
those of SiIRNA-RVG-9R [103]. Dendritic cell-derived exosomes with interferon-y were used
to deliver miR-219, which increased myelination in rats’ brains [104]. The bioavailability
of curcumin was increased by loading it onto exosomes, using it as a drug to treat brain
lesions with cyclo-peptide (c(RGDyK)) [79,80], or as imaging material by conjugating it
with a neuroleptin-1-targeted peptide [105]. Exosomes derived from bone marrow loaded
with siRNA and RVG (targeting ligand) successfully decreased the «-Syn accumulation in
the brain observed in patients with progressive Parkinson’s disease [106].
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4.2.6. CPP-Enabled Liposomes

In the last two decades, liposomes have been studied extensively as effective methods
for drug delivery to the brain. Liposomal NPs usually get self-assembled within the phospho-
lipid bilayer of the plasma membrane and can integrate into other biological membranes. The
cationic liposome-siRNA-peptide (RVG-9r) containing cationic lipid octadecenolyoxy[ethyl-
2-heptadecenyl-3 hydroxyethyl] imidazolinium chloride bound to the peptide moiety
nAChRs penetrated the BBB to deliver siRNA into FVB mouse brains [107] with lipo-
somes containing 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) or 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE) complexed with siRNA and RVG peptides and
target prions [108]. Cationic liposome-siRNA-peptide (RVG-9r) penetrated the BBB and
reduced the effect of prion protein expression in the brain [109]. Analgesic peptides (ky-
otorphin or leu-enkephalin) self-assembled and encapsulated in a quaternary methyl ester
derivative of methyl vernolate vesicles were successfully delivered to mouse brains [110].
Stable nucleic acid lipid particles (SNALPs) decorated with RVG-9r peptide liposomes
crossed the BBB and delivered siRNA that eliminated mutant ataxin-3 (SCA3) in the brain
of Machado—-Joseph disease mouse models [111]. In certain tumour growths, liposomal
receptor-related protein 1 (LRP1) was conjugated with GRN1005, a peptide drug that
limited malignant growth [112].

4.2.7. Angiopep-Conjugated Polyethyleneglycol-Adapted Polyamidoamine Dendrimer
(PAMAM-PEG-Angiopep)

PAMAM-PEG-angiopep/DNA NPs are dendrimer nanoparticles that were combined
with apolipoprotein A-I (ApoA-I) and NL4-peptide, shown to be efficient carriers across
the BBB. PAMAM is a surface primary amino group and has shown clathrin- and caveolae-
mediated endocytosis of the nanocarriers comprising angiopep peptides. Intravenous
injection of dendrimer nanoparticles of PAMAM-PEG-angiopep loaded with pEGFP plas-
mid was given to mice. Compared to the control groups of PAMAM/DNA NPs, gene
expression was observed in all four regions of the mouse brains for the PAMAM-PEG-
angiopep/DNA NPs, although cationic dendrimers showed haemolytic activity and cell
cytotoxicity [113]. A combination of short interfering RNA (siRNA) with polyamidoamine
(PAMAM) dendrimers (D) was observed to achieve silencing activity. The silencing capacity
of the complex depended on D generation (G4, G5, G6, and G7), ionic strength, and N/P
ratio (nitrogen amines in D/phosphate in siRNA). This assay revealed that structurally
stable complexes could be formed independent of the ionic strength with N /P ratios of
5 (for G4, G5) and 10 (for G6, G7) that could penetrate the brain with minimal cytotoxi-
city [114]. However, even low-generation lysine dendrons (GO and G1) conjugated with
ApoE-derived peptide traversed through the BBB without any significant cytotoxicity (as
noticed in up to 400 uM concentrations) [115].

Peptide-based drug delivery systems across the BBB have pros and cons such as low
alteration in the BBB integrity, specific targeting and reduced toxicity, and some concerns
associated with serum stability. NPs, shuttle peptides, liposomes, exosomes, and den-
drimers conjugated with CPPs have shown much-enhanced permeability across the BBB.
Although advances have been achieved with CPPs to cross the BBB, it has been shown
that in many cases, CPPs selectively cross the BBB, which does not qualify the peptides
as having effective BBB-penetrating ability. The differential influx property exhibited by
CPPs can be attributed to their cationic nature (presence or absence of arginine residues),
physicochemical properties (secondary structure at the membrane interface), and biological
properties (cellular uptake ability) [71]. The arena of targeting and crossing the BBB is a
challenging yet promising field. In-depth understanding of drug properties (pharmacoki-
netics and pharmacodynamics) and BBB at the molecular level is paramount to design
and develop a CNS drug. Notwithstanding the many advances in drug delivery systems,
there is still an indispensable need for research into improved delivery systems with fewer
limitations. Peptide-based delivery systems need further optimisation and high specificity
for brain targeting.
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4.3. Homing Peptides as Delivery Systems across the Blood—Brain Barrier (BBB)

Brain tumours and cancers are often fatal to patients because treatments such as
chemotherapy suffer from poor bioavailability and reduced permeability across the BBB
coupled with extensive intratumoral heterogeneity and a lack of selective tumour targeting.
Peptide-drug conjugates (PDCs) are designed to link targeted peptides via a chemical
linker to a therapeutic payload that can mimic an alternate antibody—drug conjugate
(ADC) and expand the therapeutic potential of various drugs (Figure 6). In the context of
BBB crossing and targeting CNS diseases, PDCs are designed to hijack the endogenous
BBB influx transport mechanism and smuggle drugs into the brain parenchyma. Brain-
permeable peptides or BBB shuttle peptides popularly known as brain-homing and brain-
penetrating molecular transport vectors are a promising lot of molecules that can overcome
the BBB and deliver drug molecules to the brain. Natural strategies like the phage, certain
viruses, or natural neurotropic proteins can engage in receptor-mediated transcytosis for
crossing the BBB. Thus, brain-homing peptides, linkers, and brain-permeable peptide-drug
conjugates (PDCs) were shown to trick the brain by allowing the passage of molecules via
the endogenous transcytosis mechanism [116].
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Figure 6. Illustration of several peptide-drug conjugates (PDCs), the chemical linkers, and the
therapeutic payloads to which they are joined, and which can imitate an alternate antibody—drug
conjugate (ADC).

Brain-homing peptide (BH) CNAFTPD is used to enhance the transfection efficacy
of pDNA delivery across the BBB by forming biodegradable core-shell polyplexes with
peptide-PEG-tris-acridine conjugates (pPAC) [117]. Similarly, a bacteria-based drug de-
livery system for glioblastoma (GBM) was employed as photothermal immunotherapy.
Aptly called the “Trojan bacteria’, it was loaded with glucose polymer and photosensitive
ICG silicon nanoparticles and shown to bypass the BBB, targeting and penetrating GBM
tissues [118]. A brain-specific phage-derived peptide (nanoligand carrier, NLC) targets
cerebral endothelial cells through the transferrin receptor and the receptor for advanced
glycation end products. NLC-3-secretase 1 (BACE1) siRNA complexes are successfully
delivered to neurons and microglial cells. Therefore, NLCs act as safe multifunctional
nanocarriers with a wide receptor repertoire of the display peptide, which can effectively
overcome the blood-brain barrier without toxicity and inflammation [119]. Recently, CN-
SRLHLRC, CENWWGDVC, and WRCVLREGPAGGCAWFNRHRL peptides were shown
to mediate the selective localisation of phage to brain and kidney blood vessels. These
peptide sequences identify selective endothelial markers to target drugs and genes in the
brain and other selected tissues [120].
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In glioblastoma (GBM), a debilitating brain tumour disease, a small, soluble peptide
(BTP-7) covalently attaches to an insoluble anti-cancer drug, camptothecin (CPT), targeting
the human GBM extracellular matrix (ECM) across the BBB [121]. Gliomas are other
therapeutically problematic brain cancers with poor patient prognosis, and new drug
delivery strategies are needed to achieve a more efficient chemotherapy-based approach
against brain tumours. Using an in vitro phage display, fusion constructs with peptides and
drugs forming Dox-SMCC-gHoPe2 have been studied where tumour-homing peptide gHo
was identified as an efficient, in vivo-working vector [122]. A comprehensive summary of
the cell-penetrating peptides and homing peptides used as brain drug delivery systems is
provided in Table 1.

Table 1. List of probable CPP/homing peptides and their sequence, source, and formulations used as

a target molecule against the blood-brain barrier.

Name of the Peptide Sequence of the Peptide Peptide Source Formulations/Carriers Ref. No.
ApoE LRKLRKRLL Apolipoprotein E Shuttle synthetic peptides [77]
SSVIDALQYKLEGTTRLTRKRGLKLA . . . .
ApoB (%ALSLSNKFVEGS Apolipoprotein B Shuttle synthetic peptides [78]
hApoE LRKLRKRLLR Human apolipoprotein E Shuttle synthetic peptides 79]
(hApoE)
RVG-29 YTIWMPENPRPGTPCDIFTNSRGKRASNG Rabies virus glycoprotein Shuttle natural peptide [81]
TAT GGGGYGRKKRRQRRR Human lﬂ?;zggdeﬁ“emy Shuttle natural peptide [83]
Dengue virus type 2 capsid .
PepH3 AGILKRW protein (DEN2C) Shuttle natural peptide [84]
Apamin H-CNCKAPETALCARRCQQH-NH2 Venom neurotoxin Shuttle natural peptide [85]
MiniAp-4 H-DapKAPETALD-NH2 Venom neurotoxin Shuttle natural peptide [85]
THRre PWVPSWMPPRHT Phage display Shuttle natural peptide [86]
TGN TGNYKALHPHNG Phage display Shuttle natural peptide [87]
THR THRPPMWSPVWP Phage display Shuttle natural peptide [123]
THRre_2f (PWVPSWMPPRHT)2KKGK(CF)G Phage display Shuttle natural peptide [124]
K16APoE HAYED Apolipoprotein E (LDLR) Shuttle natural peptide [125]
TAT peptide Tat-PEG-b-chol Nanoparticles NPs (PMNPs) [90]
Polyamine (putrescine) F(ab’) anti-amyloid antibody Nanoparticles Polymeric NPs (PMNPs) [91]
. . Poly-ethylene glycol .
TfR-peptide TR poly-L-arginine liposomes Polymeric NPs (PMNPs) [93]
GE11 peptide TfR-endothelial factor receptor (EGFR) siRNA/TMC-PEG-RV Polymeric NPs (PMNPs) [94]
Angiopep-2 TFFYGGSRGKRNNFKTEEY Ne“mtroppr‘g ;‘i‘jogen"“s Polymeric NPs (PMNPs) [95]
K16APoE HAYED PLGA-NPs Polymeric NPs (PMNPs) [96]
g7 GFtGPLS (O-3-d-glucose) CONH2 Enkephalin analogues/opioid Polymeric NPs (PMNPs) [119,126]
Superparamagnetic iron .
Mal-SPIONs [C2H2(CO),0]Fe; O3 oxide nanoparticles Metallic NPs [88]
GSH-peptide IONPs@Asp-PTX-PEG-GSH Glutathione nanoparticles Metallic NPs [97]
pep P (GSHIONPs)
. . Rabies virus-mimetic .
Silicon NPs PpSiNPs silica-coated gold nanorods Metallic NPs [100]
cyclo-peptide c¢(RGDy)K Macrophages/monocytes Exosomes [80]
neuron-specific RVG peptide siRNA-RVG-9R Dendritic cells Exosomes [103]
miR-219 Dendritic cells Exosomes [104]
siRNA3 RVG Bone marrow Exosomes [106]
. ~ . octadecenolyoxy[ethyl-2-heptadecenyl-3
siRNA-peptide hydroxyethyl] imidazolinium chloride Bone marrow Exosomes [107]
neuroleptin-1-targeted RGERPRR Macrophages/monocytes Exosomes [127]
peptide
siRNA-RVG peptide 1,2-dioleoyl-3-trimethylammonium-propane Cationic liposomes Liposomes [108]

(DOTAP)
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Table 1. Cont.

Name of the Peptide Sequence of the Peptide Peptide Source Formulations/Carriers Ref. No.
1,2-distearoyl-sn-glycero-3-
siRNA-RVG peptide phosphoethanolamine Cationic liposomes Liposomes [108]
(DSPE)
siRNA-peptide (RVG-9r) RVG-29-PEG-PLGA /DTX Cationic liposomes Liposomes [109]
kyotorphin or leu-enkephalin methyl ester-methyl vernolate Self-assembled liposomes Liposomes [110]
siRNA-RVG peptide Stable nucleic acid lipid particles [SNALPs] Self-assembled liposomes Liposomes [111]
LRP1 ANG-PEG- poly(e-caprolactone) Self-assembled liposomes Liposomes [102,112]
. . PAMAM-PEG- . .

Angiopep peptide TFFYGGSRGKRNNFKTEEYC Angiopep/DNA Dendrimer nanoparticles [113]
ApoE derived peptide LRKLRKRLLR Lysine dendrons Dendrimer nanoparticles [115]

Peptide-PEG-tris-acridine . . .
pPAC CNAFTPD conjugates (pPAC) Brain-homing peptide (BH) [117]

. . . Photosensitive ICG : . .
phage-derived peptide NLC--secretase 1 (BACET) siRNA silicon-nanoparticles Brain-homing peptide (BH) [119]

. . CNSRLHLRC, CENWWGDVC, . . . .
phage-derived peptide WRCVLREGPAGGCAWFNRHRL Nanoparticles Brain-homing peptide (BH) [120]
BTP-7 BTP-7-Camptothecin (CPT) Paﬁe“t'deric‘gf; GBM stem Brain-homing peptide (BH) [121]

. Glioma-homing peptide

gHoPe2 NHQQQNPHQPPM Phage-derived [122]

(gHo)

5. Cell-Penetrating Peptides and siRNA Delivery to the Central Nervous System

In the early 1990s, Napoli and Jorgensen reported posttranscriptional gene silencing
in plants by RNA interference (RNAi). RNAI cleaves double-stranded or short hairpin
RNA (shRNA) into functional, small interfering RNA (siRNA) with the aid of ‘dicer’, an
endogenous mammalian protein complex that mediates RNAi. siRNAs are usually short
(20-25 bp), exogenous, double-stranded RNA molecules that silence gene expression either
by inhibiting transcription or by the degradation of sequence-specific target mRNA [128].
Since synthetic siRNAs can be intended against any target RNA, they have gained high
therapeutic value. Indeed, siRNA-based therapeutics using small-molecule drugs can be
positioned for the treatment of extensive neuronal diseases and cancers. siRNA therapeutics
can also address the concerns usually posed by small-molecule drugs currently being used
for targeted therapy. In vivo, targeted delivery of siRNA molecules remains a challenge
due to its poor stability, reduced permeability across cellular membranes, poor endosomal
escape, degradation by RNases, and rapid renal clearance. Therefore, to be effective delivery
systems, siRNAs need a carrier for their protection from degradation [129]. Recently, many
different approaches have been devised to deliver siRNAs into living cells by a broad variety
of peptides. The simplicity of the synthesis, use, and versatility of CPPs have enabled
siRNA delivery with promising strategies such as covalent conjugation, non-covalent
complex formation, and CPP-decorated (functionalised) nano-complexes [130].

The first strategy is the CPP covalently conjugated to the siRNA (CPP-siRNA) de-
livery system. This method prevents separation among the CPP and its conjugate cargo
both in vivo and/or in vitro. In this method, strong binding is attained between the CPP
and its cargo via a cleavable linker such as the disulfide linkage, which leads to its lower
molar ratio and low toxicity. This allows the components of the conjugate to be separated
only in the reducing environment of the cytoplasm, e.g., by glutathione, thus avoiding its
localisation in the nucleus (Figure 7) [131]. In contrast to the more cytotoxic liposome-based
siRNA strategy, the penetratin-siRNA covalent approach was developed on neuron cells
(in vitro) and the central nervous system (in vivo). However, there is still less clarity on the
movement of siRNAs across the BBB and whether the internalisation and silencing effect
is due to the covalently conjugated or the complexed species [132]. Apart from Tat and
penetratin, siRNA conjugated to a low molecular weight protamine (LMWP) carrier via a
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cytosol-cleavable disulfide linkage using PEG as a spacer was developed, but this method
was not successful [133].
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Figure 7. siRNA cargo covalently conjugated to the CPP is delivered via a cytosol-cleavable disulfide
linkage that is separated in the reducing environment of the cytoplasm.

The second strategy is the formation of non-covalent complexes (CPP: siRNA), which
are designed for an optimal balance between the peptide and siRNA. The stability of the
complex depends upon the structure of the CPP as it must avoid charge neutralisation,
thus preserving an overall positive charge [134]. In this strategy, called CLIP-RNAI, the
complexes can enter the cells via an endocytic pathway and later encourage endosomal
escape via photo-stimulation, letting gene silencing [135]. Specific CPPs called homing
peptides can bind to the vasculature of the tumour tissues and have been used to ‘aim’
them at a specific tissue of the central nervous system.

A short peptide derived from rabies virus glycoprotein (RVG) and conjugated with
nona-arginine peptide (RVG-9R) could bind to the acetylcholine receptor expressed by neu-
ronal cells, resulting in specific gene silencing within the brain [136]. A widespread study of
siRNA transfection by means of nona-arginine (L and D) conjugated with diverse targeting
ligands was evaluated for transfection and mRNA knockdown mechanism [136]. An-
other peptide myristic acid-conjugated transportan (TP) conjugated to transferrin receptor-
targeting peptide (myr-TP-Tf) was successfully encapsulated, and siRNA was delivered to
brain endothelial cells and glioma cells [137]. Notwithstanding these heartening outcomes,
the use of siRNA and the advances in novel CPPs anticipated for targeted delivery have
many challenges [138].

The third strategy is using CPP-decorated multifunctional nano-complexes, which
use amalgamations of CPPs and other carriers for siRNA delivery. These multifunctional
nano-complexes possess the characteristics of multiple compounds and have a better
half-life in the bloodstream. Polyethylenimine (PEI) moiety tagged with a micelle-like
nanoparticle (MNP) was replaced with nona-arginine (R9), forming lipid-peptide hybrid
nanoparticles (hNPs) that could readily form complexes and transfer oligonucleotides.
In addition, the hNPs modified with Tat 48—-60 (T-hNP) were shown to improve cellular
transfection. This formulation has been reported with a better gene-silencing effect in vivo
as it readily accumulates in brain tumour tissue [139]. A stearylated octaarginine multifunc-
tional envelope-type nano device (R8-MEND) was modified using a pH-sensitive fusogenic
peptide GALA that facilitated endosomal escape when fused with small unilamellar vesi-
cles (SUVs). R8:GALA-MENDSUYV allowed RNA interference and downregulated the
expression of the suppressor of the cytokine-signalling 1 (SOCS1) gene in primary mouse
bone marrow-derived dendritic cells (BMDCs). Later, the R8-MEND system was equipped
with a PEG-peptide-lipid ternary conjugate (PEG—peptide-DOPE conjugate (PPD) that
acted as a PEG shield in the tumour tissue environment [140]. It was noted that in vivo,
PPD-MEND clustered in tumours and exhibited silencing activity, with negligible hepato-
toxicity and immune hyperactivity [141]. Another activatable CPP (DSPE-PEG2000-ACPP)
liposome-based siRNA delivery system was developed that is made of an octaarginine
peptide linked to a polyanionic ‘shielding domain’ of glutamate and histidine by means
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of an acid-labile linker (hydrazone). Within the mildly acidic pH in the tumour microen-
vironment, the linker is cleaved, and the histidine becomes protonated. This aids the
interaction of octaarginine with the plasma membrane and lets the modified liposomes
pass through the BBB and deliver the siRNA cargo [142]. To facilitate selective siRNA
transfection both in vitro and in vivo, a photo-pH-responsive polypeptide (PPP) decorated
with poly(lactic-co-glycolic acid) (PLGA) nanoparticles was developed. At the lower pH of
the tumour environment, this system was exposed to infrared (NIR) that led to the cleaving
of the photo-degradable group of CPPs and the freeing of the nanoparticle to traverse
through the plasma membrane and deliver the siRNA in the cytoplasm [143].

6. siRNA-CPP Therapeutics of the Central Nervous System
6.1. siRNA Delivery by Virus

Additional challenges are posed to therapeutics targeted to specific cell types of CNS
such as astrocytes, neurons, or glia cells to cross the blood-brain barrier (BBB). Hence, early
attempts to deliver RNAi in the CNS were performed by intracranial injections of lentiviral
vectors encoding shRNA, but the method showed diminished efficacy. Lentiviral vectors
crossed the BBB poorly. The inadequate neuro-invasion led to decreased and localised
hRNA expression only around the injection site. This method also lacked temporal control
and caused limited knockdown of protein expression. Another major concern regarding
lentiviral vector technology and construction is its capacity to turn brain cells cancer-
ous [144,145]. Another small, modified peptide that reduces siRNA off-target effects is
obtained from the rabies virus glycoprotein (RVG-9r). Additionally, nicotinic acetylcholine
receptors in the CNS are targeted by cationic liposomes with siRNA peptide complexes
(LSPCs) and a targeting peptide (RVG-9r). Some modified siRNA-peptide complexes are
encapsulated in either cationic or anionic liposomes with RVG-9r and bonded to lipid
PEG either electrostatically or covalently; these are called peptide-addressed liposome-
encapsulated therapeutic siRNA (PALETS) [146]. It was proven that LSPCs and PALETS
reduced the surface cellular prion protein (PrPC) up to 70% in neuronal cells, while PALETS
downregulated the total number of PrPC-expressing cells.

6.2. Non-Viral Route of siRNA Delivery

Cationic small-cell-penetrating peptides capable of crossing plasma membranes were
the alternate nonviral strategy used for delivering siRNA molecules to the CNS [147,148].
The thiol linkages allow the siRNA—peptide complexes to easily dissociate in the cytoplasm
by reduction of the disulfide bond. To overcome this, liposomal siRNA delivery vehicles
conjugated to peptides were designed for transport to the CNS by means of the thin-film
hydration method. The cationic or anionic liposomes saved the siRNAs from nucleases
and proteases, whereas the combination with a peptide helped them bind to nicotinic
acetylcholine receptors (nAchRs) on the brain cell surface [136]. Notwithstanding the
therapeutic possibilities, this method remains plagued by important concerns regarding
drug delivery to the brain such as cell specificity and transport of its cargo across the
BBB. Most of these naked complexes become significantly degraded in the blood during
transport as there was little or no detection of siRNA in the treated mouse brains. Moreover,
there is also the problem of these complexes getting immune cleared or degraded by serum
nuclease and protease.

6.3. Liposome—siRNA—Peptide Complexes (LSPCs)

Alternatively, more direct routes to the CNS should be explored and, in this regard,
liposomes are extensively used as delivery vehicles for siRNA. Improved delivery of the
liposome-encapsulated siRNA was observed with minimal siRNA degradation within
the blood [149]. Cationic liposomes are the most common choice as they interact both
with the anionic phosphate head groups of cell membranes and the negatively charged
phosphate backbone of RNA [150,151]. Although less immunogenic, anionic liposomes
are used less frequently because they repel the negative charge of the siRNA backbone
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and cannot penetrate the plasma membrane [152]. Liposome-siRNA complexes covalently
bound to peptides have an affinity for receptors on specific cell types and thus can avoid
off-target binding [153]. The mononuclear phagocyte system of the immune system has the
tendency to recognise serum proteins and engulfing liposomes. Thus, PEGylated liposomes
can avoid immune clearance and increase bioavailability and circulation duration in the
blood [154]. However, bare liposomes are neither transported across the BBB nor provide
cell-specific delivery. Surprisingly, PEGylated liposomes are known to reduce the serum
degradation of siRNA to target sites in the brain, but coupling with a monoclonal antibody
against glial fibrillary acidic protein (GFAP) failed to deliver itself across the astrocytes in
mouse brains [155]. Thus, an effective and efficient delivery system must (1) gain access
to the brain by crossing the BBB, (2) provide a molecular address for delivery to neuronal
cells, and (3) protect from serum degradation.

6.4. Intranasal Delivery of siRNA

Systemic transit through the vasculature of the CNS may lead therapeutic drugs to en-
counter immune cells, causing hypersensitivity or clearance from the system. An alternate
method of administering drugs or stem cells into the nasal cavity can shorten the route
across the BBB [156-158]. Neurodegenerative diseases like Alzheimer’s and Parkinson’s
were shown to be treated by delivering mesenchymal stem cells intranasally [159,160].
Therapeutic targeting with a more direct route to the CNS combined with specific delivery
to brain cells has been observed in other brain pathologies. Brain tumours and perinatal and
ischaemic brain damage can also be treated using intranasally administrated mesenchymal
stem cells [161-163].

6.5. siRNA-Loaded Exosomes

Viral vectors or liposomes fail to deliver specifically and safely into the brain as their
approaches are invasive and hindered by the immune system. Liposomes lack a long-
term treatment method as they tend to elicit immune responses followed by subsequent
clearance, while the use of a viral vector requires stereotaxic surgery, and the delivery is re-
stricted to specific brain regions. These disadvantages can be overcome by the intravenous
(iv) injection of modified exosomes for nucleic acid delivery into the brain. Exosomes are
nanosized extracellular vesicles (30-100 nm in diameter) formed by an endocytic path-
way [164]. Exosomes represent a promising drug delivery system and act as natural carriers
of mRNA, microRNA, and proteins between cells [165]. Izco and co-workers developed a
modified exosome that specifically targets the brain by delivering genetic material into the
brain via intravenous injection. siRNAs-RVG-exosomes have been delivered for an effective
knockdown of expression for both the Af3 and tau peptides of Alzheimer’s disease and the
alpha-synuclein of Parkinson’s disease as a long-term treatment for these neurodegenera-
tive diseases [166]. However, it was also noted that a defective endolysosomal system may
interfere with the delivery of siRNAs. Thus, strategies must be devised to not only inhibit
exosome secretion but also modify the content of exosomes by decreasing the exosomal
cargo of pathological proteins, neuroinflammatory factors, or altered miRNAs. Increasing
the cargo of trophic factors in glial-derived exosomes could also create new therapeutic
strategies to halt the progression of neurodegenerative diseases [167].

Although the abovementioned siRNA delivery strategies have proven to be successful,
some of the basic guidelines will become clearer after elaborating on the in vivo studies
and clinical trials (Table 2). In the case of complexation-based systems, PEGylation or
similar surface modification is necessary for longevity in circulation to shield the posi-
tive charge. This prevents nonspecific interaction and reduces toxicity. However, after
delivering the siRNA to the target site, it must ensure endo/lysosomal escape following
internalisation by the target cells. Despite the cost and regulatory hurdles associated with
the targeting strategy, the siRNA-CPP delivery system is a big incentive, and the benefits
are irrefutable [168].

52



Pharmaceutics 2023, 15, 1999

Table 2. A list of various formulations and presumptive concerns for the use of siRNA—peptide

conjugates.
S.No.  siRNA-CPP Therapeutics Route of Delivery Formulations Consequences/Concerns Refs.
1. Virus-delivered siRNAs
Vesicular
a Lentivirus vector Intracranial injections stomatitis virus Can turn brain cells [144]
of hRNA to CNS glycoprotein cancerous
envelope (VSV-G)
S siRNA
Intravascular injection encapsulated in Decreased levels of cellular
b, RVG-9r targeted to neuronal ncapsuiates . . [146]
PrPC either cationic or prion protein (PrPC)
anionic liposomes
1.  Significant
Intravenous o o degradation during
» Non-viral delivery of administration of Coa;f;i;:ln 1(()):1;’ blood transport. [148]
’ siRNAs cholesterol-conjugated ) T 2. Degradation by serum
siRNA lipoplexes mixture, liposomes nuclease and protease.
3. Immune clearance.
In x;itro RNA . 1. Immune clearance.
transfection wit Lo 2. Poor transport
DOTMA-containing Cationic liposome capability [149]
liposomes (lipofectin)
1.  Repel the negative
In vitro transfection }f)hall;%e of the siRNA
with anionic Lo ackbone.
lipoplexes Anionic liposome 7 pgor penetration [152]
, , _ (DOPG:DOPE) through plasma
3 Liposome-siRNA-peptide membrane.
) complexes (LSPCs)
o PEGylated 1. Good bioavailability.
Intravenous injection liposomes ) No immune clearance. [154]
) PEGylated 1. Poor transport across
Intravenous injection liposomes plus the astrocytes in [155]
monoclonal mouse brains.
antibody
. .. . Human bone
Intranasal delivery of Direct administration marrow-derived
4. . y of drugs or stem cells 1. Shorter route to CNS. 159 161]
siRNA into the nasal cavit mesenchymal stem
y cells (MSC)
1.  Increased cargo
5. siRNA-loaded exosomes  Intravenous injection Exosomes interferes with [164]

endosomal system.

7. Conclusions and Perspectives

Diseases of the central nervous system (CNS) are the most difficult to treat, mainly
because of the obstacle of the blood-brain barrier (BBB). A vast majority of drugs fail to
reach the brain because of their inability to cross the BBB. Undoubtedly, the most promising
studies are those that unravel strategies to deliver CNS-active drugs and peptides targeted
at the BBB. Small peptides as nanoparticles or nanocarriers can be conjugated to drugs
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to either form a steady link or act as pro-drugs. The last decade witnessed a plethora of
uses of both small molecules and proteins in diverse therapeutic areas such as diagnostics,
brain cancers, and neurodegenerative disorders. Peptides can be generally classified as

‘receptor-targeted” (e.g., angiopep2, CDX, and iRGD), recognising membrane proteins

expressed by the BBB microvessels; ‘cell-penetrating peptides’ (e.g., TAT47—-57, SynB1/3,
and Penetratin), undergoing transcytosis through unspecific mechanisms; or ‘homing
peptides’ (e.g., glioma-homing peptide (gHo) NHQQQNPHQPPM; brain-homing peptides
CNAFTPDY, CLEVSRKNC, and CLSSRLDAC), used for DNA delivery. RNA interference
(RNAI) conjugated to CPPs can become a new tool to target defective genes in the brain by
inducing gene silencing and has enormous clinical potential for the treatment of various
neurodegenerative disorders. Most RNAI trials use small interfering RNAs (siRNAs)
but, despite the enormous potential of RNAi, only 24 clinical trials have applied siRNA-
CPP-mediated therapy to date. Notwithstanding their great therapeutic potential, the
successful implementation of siRNAs in vivo is hampered by the low bioavailability of
these hydrophilic compounds and their inability to cross the BBB [169]. We hope that
future directions of peptide therapy will offer a completely different approach to treating
these progressive neurodegenerative illnesses and change the lives of those with these
debilitating conditions.

In theory, both CPPs and homing peptides can be exploited to transform a large range
of pharmaceuticals from paper to practice, but there exists a hindrance when it comes to
replicating the in vitro results within physiological systems. Undeniably, despite having a
generally good safety profile, some peptide conjugates may display toxicological features,
causing antigenicity, cardiovascular alterations, or hemolysis. Furthermore, the life span of
these peptides largely depends on their dodging capability in the presence of peptidases,
endosomal/lysosomal degradation, and endosomal entrapment, making them unavailable
to the target site [69].

Despite numerous data pertaining to the basics and applications of CPPs, the efficacy
of such conjugations is still debatable, primarily when it comes to the blood-brain barrier.
Endogenous analysis of CPP-mediated drug targeting in cell cultures does not necessarily
indicate their behaviour at the organismal level. As discussed in the text, mere penetration
inside cells does not mean that a given CPP can traverse the blood-brain barrier. Such
limitations necessitate further in-vivo analysis of multiple CPPs as well as additional
penetrating peptides and expand the existing database. The study of CPPs should also
consider the differential expression of transporter proteins, primarily solute carriers on
cell surfaces since the expression levels of these transmembrane proteins are strongly
associated with various normal and anomalous conditions. Certain biologically active
chemical compounds might also be studied for their cell-penetration and transcellular
traversing activities so that the additional conjugation step can be eliminated.

Even though modern-day medicine has tapped the potential of many physiological
loopholes to the advantage of humankind, a broad area remains unexplored. A significant
proportion of our physiology and metabolism is influenced by the dark matter in our
system. Despite null results, unknown interactions can also lead to negative results, which
are commonly referred to as side effects. For most pharmaceuticals, these side effects exceed
what has been documented or studied. One way to minimise these undocumented results
is to take the dark matter into consideration. This is possible owing to the CPP/homing
peptide specificity. However, despite this specificity, drugs can frequently target more than
one macromolecule in an organism. Additionally, drug-bound CPPs can exhibit altered
behaviours that further interfere with their normal roles in biological systems, specifically,
brain activity. This can be negated by using pre-conjugated drug—CPP or drug-homing
peptide combinations to minimise unwanted interactions within physiological systems. The
careful optimisation of this and additional techniques can aid in moving many potential
pharmaceuticals from texts to tables. An underestimated yet large number of efficient
drugs fail to reach the counters owing to the lack of a delivery mechanism. Potent drugs
(biomolecules and nanoparticles) that can be used to cure fatal disorders of the CNS, such
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as Parkinson’s and Alzheimer’s disease, or treat various brain tumours, do not exhibit
any significant results if not coupled with an adequate transport and translocation system.
Thus, a detailed analysis of both the available and the potential drug delivery systems that
can effectively cross the blood-brain barrier has emerged as a critical requirement in the
world of pharma- and nutraceuticals.
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Abstract: The blood-brain barrier (BBB), while being the gatekeeper of the central nervous system
(CNYS), is a bottleneck for the treatment of neurological diseases. Unfortunately, most of the biologicals
do not reach their brain targets in sufficient quantities. The antibody targeting of receptor-mediated
transcytosis (RMT) receptors is an exploited mechanism that increases brain permeability. We previ-
ously discovered an anti-human transferrin receptor (TfR) nanobody that could efficiently deliver a
therapeutic moiety across the BBB. Despite the high homology between human and cynomolgus TfR,
the nanobody was unable to bind the non-human primate receptor. Here we report the discovery
of two nanobodies that were able to bind human and cynomolgus TfR, making these nanobodies
more clinically relevant. Whereas nanobody BBB00515 bound cynomolgus TfR with 18 times more
affinity than it did human TfR, nanobody BBB00533 bound human and cynomolgus TfR with similar
affinities. When fused with an anti-beta-site amyloid precursor protein cleaving enzyme (BACE1)
antibody (1A11AM), each of the nanobodies was able to increase its brain permeability after pe-
ripheral injection. A 40% reduction of brain A1_49 levels could be observed in mice injected with
anti-TfR/BACEI1 bispecific antibodies when compared to vehicle-injected mice. In summary, we
found two nanobodies that could bind both human and cynomolgus TfR with the potential to be
used clinically to increase the brain permeability of therapeutic biologicals.

Keywords: nanobody; VHH; transferrin receptor; blood-brain barrier; receptor-mediated transcytosis

1. Introduction

The blood-brain barrier (BBB) is a very specialized organ that, together with the
other brain barriers such as the blood-cerebrospinal fluid barrier and blood-arachnoid
barrier, contributes to the isolation of the central nervous system (CNS) from the rest of the
organism. This ensures that harmful circulating substances in the peripheral blood flow do
not freely reach the CNS, while still allowing a selective influx of required elements such
as nutrients [1,2]. Hence the BBB represents a bottleneck for the treatment of neurological
diseases, as most of the biologicals are not able to reach their brain targets or only do
so in very small quantities, i.e., less than 0.1% of peripherally administered doses [3-5].
Therefore, the high doses that need to be administered result in potential side effects and
high treatment costs. The BBB is composed of an endothelial layer which is surrounded

Pharmaceutics 2023, 15, 1748. https://doi.org/10.3390 /pharmaceutics15061748

https:/ /www.mdpi.com/journal/pharmaceutics
62



Pharmaceutics 2023, 15, 1748

by pericytes and astrocyte end-feet [1]. Tight junctions expressed by the BBB endothelium
limit the paracellular diffusion of substances. Most of the required substances in the
brain that come from the periphery follow an active route of entry via specific channels
and transporters [6]. Receptor-mediated transcytosis (RMT) is one such physiological
mechanism in which nutrients are recognized by specific receptors that are expressed on
the surface of the endothelial cells, internalized in intracellular vesicles, and finally released
in the brain parenchyma [7]. Targeting such RMT receptors with antibodies is a valid
strategy to increase the brain permeabilities of biologicals [8]. Among these receptors, the
transferrin receptor (TfR) is one of the most exploited RMT mechanisms for brain drug
delivery [9-18]. Recently, an anti-TfR-idursulfase conjugate drug (Izcargo®) was approved
in Japan for the treatment of Hunter syndrome [19].

Nanobodies, which are the variable domain of camelid heavy chain-only antibodies,
have ideal properties that allow the engineering of multispecific constructs [20]. Several
nanobodies that successfully deliver biologicals over the BBB by targeting RMT receptors
such as TfR, IGF1R, or TMEMB30A have been described [11,15,16,21,22]. In a previous
work, we obtained a set of mouse TfR binders and a set of human TfR binders [15,16].
Unfortunately, our human TfR nanobodies did not bind cynomolgus TfR despite the high
sequence homology between both proteins. Lack of binding to non-human primate (NHP)
TfR represents an obstacle to determine the preclinical efficacy and safety of potential
therapeutic conjugates. Regulatory guidelines indicate that two animal species should
generally be used for non-clinical toxicity testing, thereby supporting the development of
drugs for human use: a rodent (e.g., mouse or rat) and a non-rodent (e.g., dog or NHP) [23].
Here we describe the identification of two human/cynomolgus TfR-binding nanobodies
and validate in vivo their potential to shuttle therapeutics into the brain.

2. Materials and Methods
2.1. Animals

All animal experiments were conducted in compliance with the commonly accepted
‘3Rs’, according to protocols approved by the local Ethical Committee of Laboratory Ani-
mals at KU Leuven (governmental license LA1210579, ECD project number P213/2020),
and following governmental and EU guidelines. Mice were housed under standard con-
ditions according to the guidelines of KU Leuven, with a 12-h light-dark cycle and with
access to food and water ad libitum. Humanized Tfrc mice (hAPI KI mice), which express a
chimeric mouse TfR with the human apical domain under the endogenous promoter, were
used for this study [16].

2.2. Immunization and Nanobody Library Preparation

Targeted nanobody libraries were obtained in collaboration with the VIB Nanobody
Core (Brussles, Belgium). Three alpacas were subjected to four biweekly DNA immuniza-
tions using recombinant pVAX1 plasmid DNA (Thermo Fisher Scientific, Waltham, MA,
USA) encoding for a chimeric alpaca TfR with the cynomolgus apical domain (synthesized
at Twist Biosciences, South San Francisco, CA, USA). DNA solutions were injected intra-
dermally at multiple sites on the front and back limbs near the draining lymph nodes, and
this was followed by electroporation. On days 4 and 8, after the last immunization, blood
samples were collected and pooled, and total RNA from peripheral blood lymphocytes was
isolated to recover the nanobody-encoding genes. The phagemid library was prepared as
previously prescribed [24]. Briefly, total RNA was used as a template for first-strand cDNA
synthesis with oligodT primer. This cDNA was used to amplify the nanobody-encoding
open reading frames by means of polymerase chain reaction (PCR), digested with Pst] and
Notl, and cloned into a phagemid vector (pBDS001, a modified pMECS vector with an
insertion of 3xFlag/6xHis tag at the C-terminus of the nanobody insertion site). Electro-
competent E. coli TG1 cells (Biosearch Technologies, Middlesex, UK) were transformed to
obtain the nanobody libraries.
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2.3. Cell Line Generation

The Flp-In™-CHO™ system (Thermo Fisher Scientific) was used to generate stable
Chinese hamster ovary (CHO) cell lines overexpressing cynomolgus or human TfR. DNA
encoding for the cynomolgus TfR or the human TfR, tagged with hemagglutinin (HA) at the
C-terminus and followed by green fluorescent protein (GFP) under the control of an internal
ribosome entry site (IRES), was synthesized and subcloned by Twist Bioscience into the
pcDNA™S5/FRT mammalian expression vector (Thermo Fisher Scientific). Flp-In™-CHO™
cells were maintained with Gibco™ Ham’s F-12 Nutrient Mix medium supplemented with
GlutaMAX™ (Thermo Fisher Scientific), 10% fetal bovine serum (FBS), and 100 pg/mL
Zeocin™ selection antibiotic (Invivogen, San Diego, CA, USA) until the day of transfec-
tion. Cells were transfected with the TransIT-PRO® Transfection kit (Mirus, Madison, W1,
USA) and maintained in Gibco™ Ham’s F-12 Nutrient Mix medium supplemented with
GlutaMAX™ (Thermo Fisher Scientific), 10% FBS, and Hygromycin B Gold (Invivogen) to
select for stable transfectants. Stable transfectants were then amplified and frozen with 10%
dimethyl sulfoxide (DMSO) for further use.

2.4. Nanobody Selection, Expression and Purification

Nanobody-displaying M13 phage libraries were prepared according to standard proto-
cols [24] and selected twice on TfR-overexpressing cells. Briefly, 6 x 10!! cfu of phages were
blocked with phosphate-buffered saline (PBS)/10% FBS and incubated for an hour with
5 million cells of CHO-cynomolgus TfR-overexpressing cells in the first selection round and
CHO-human TfR-overexpressing cells in the second selection round. Non-binding phages
were discarded with 5 consecutive washing steps with PBS/10% FBS, whereas bound
phages were eluted by means of trypsinization. The output phage library of the second
selection round was subcloned into an expression vector (pBDS119, a modified pHENG6 vec-
tor with an OmpA signal peptide and a C-terminal 3xFlag/6xHis tag) and transformed
in E. coli TG1 cells. Single clones were picked, sequenced (Eurofins, Luxembourg), and
clustered according to sequence homology with PipeBio (Horsens, Denmark). In addition,
the small-scale expression of sequenced clones was performed and periplasmic extracts
were prepared as previously described [24] and screened for direct binding to CHO-human
TfR-overexpressing cells. Nanobody leads were expressed and purified according to the
protocol provided by Pardon et al. [24].

2.5. Flow Cytometry-Based Binder Screening and Validation

Periplasmic extracts that were diluted 1:10 in PBS 2% FBS, or a dilution range of
different nanobody or bispecific antibody concentrations prepared in PBS 2% FBS, were
incubated with 0.1 million CHO cells overexpressing either the human, cynomolgus, or
mouse TfR for 30 min at 4 °C. As control for background binding, periplasmic extracts,
nanobodies, or bispecific antibodies were also incubated with 0.1 million CHO cells over-
expressing GFP. The binding of nanobodies was next resolved by a 30-min incubation at
4 °C with an anti-FLAG-iFluor647 antibody (A01811, Genscript, Piscataway, NJ, USA),
diluted 1:500 for screening and 1:250 for validation assays, or with anti-human IgG Fc-
Alexa Fluor647 antibody (410714, BioLegend, San Diego, CA, USA) diluted 1:200. Dead
cells were stained with the viability dye eFluor™780 (1:2000; 65-0865-14, Thermo Fisher
Scientific) for 30 min at 4 °C. Cells were fixed with 4% paraformaldehyde before being
analyzed. Flp-In™-CHO™ cells, used as unstained control and single stain controls, were
used to determine the cutoff point between background fluorescence and positive popula-
tions. UltraComp eBeads™ Compensation Beads were used (Thermo Fisher Scientific) to
generate single stain controls of both anti-FLAG-iFluor647 antibody and anti-human IgG
Fc-Alexa Fluor647 antibody. The data was acquired by using an Attune Nxt flow cytometer
(Invitrogen) and analyzed by FCS Express 7 Research Edition.
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2.6. Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) was used to measure the interactions between
nanobodies and recombinant human or cynomolgus TfR receptor. Human TfR (2474-TR,
R&D Systems, Minneapolis, MN, USA) and cynomolgus TfR (90253-C07H, Sino Biolog-
ical, Beijing, China) were biotinylated with the EZ-Link NHS-PEG4-Biotinylation Kit
(ThermoFischer Scientific) according to the manufacturer’s instructions. The binding ex-
periments were performed at 25 °C on a Biacore T200 instrument (Cytiva, Marlborough,
MA, USA) in HBS-EP+ buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05%
v/v Surfactant P20). Biotinylated human TfR and cynomolgus TfR were captured on a
streptavidin-coated SA sensor chip (Cytiva) at a density of around 250 RU. Increasing
concentrations of nanobodies were sequentially injected in a single cycle at a flow rate
of 30 uL/min. The dissociation was monitored for 20 min. No specific regeneration was
needed. A reference flow was used as a control for non-specific binding and refractive
index changes. Several buffer blanks were used for double referencing. Binding affinities
(Kp) and kinetic rate constants (ka, kq) were derived after fitting the experimental data to
the 1:1 binding model with the Biacore T200 Evaluation Software 3.1 using the single-cycle
kinetic procedure. Each interaction was repeated at least three times.

2.7. Bio-Layer Interferometry (BLI)

Binding of the bispecific antibodies to beta-site amyloid precursor protein cleaving
enzyme (BACE1) was assessed with an Octet RED96 (Sartorius, Gottingen, Germany).
Briefly, streptavidin (SA) biosensors (18-5020, Forté Bio/Molecular Devices) were pre-wet
for at least 10 min in kinetic buffer. Next, the biosensors were dipped in biotinylated
BACE1 (5 ug/mL in kinetic buffer). BACE1 (Protein Service Facility, VIB) biotinylation
was performed with the EZ-Link NHS-PEG4-Biotinylation Kit (ThermoFischer Scientific)
according to the manufacturer’s instructions. Biosensors were then sequentially submerged
in baseline wells filled with PBS containing 0.02% Tween, 0.1% bovine serum albumin (BSA),
and bispecific antibodies diluted in the same buffer, and finally back into baseline wells
to assess dissociation. Data was recorded using the Forté Bio Octet RED data acquisition
software (Forté Bio/Molecular Devices). Curve fitting and binding kinetics determination
was performed with a 1:1 model interaction using the Forté Bio Octet RED analysis software
(Forté Bio/Molecular Devices). Sensorgrams were generated using Graphpad.

2.8. Bispecific Antibodies Engineering and Expression

The anti-BACE1 affinity-matured 1A11 antibody (1A11AM) was used to generate bis-
pecific antibodies. The engineering and expression of BBB00574 (1A11AM-BBB00515) and
BBB00578 (1A11AM-BBB00533) were performed as previously described [16,25]. Briefly, the
DNA sequences encoding for the heavy chain composed of BBB00515 or BBB00533 fused
to an Fc with knobs-into-holes (KiH) and ablated effector function mutations (human
IgG1, L234A, L235A, P329G, T350V, T366L, K392L, T394W), the 1A11AM heavy chain
with KiH and ablated effector function mutations (human IgG1, L234A, L235A, P329G,
T350V, L351Y, F405A, Y407V), and the 1A11AM light chain (human kappa) were syn-
thesized by Twist Bioscience and cloned in their pTwist CMV BetaGlobin WPRE Neo
vector (Twist Bioscience). Expressions were performed using the Mirus CHOgro® High
Yield Expression System (Mirus Bio) according to the manufacturer instructions. Briefly,
ExpiCHO-S™ cells (Mirus Bio) were transfected with the nanobody-human Fc fusions and
the 1A11AM heavy chain and light chain with a transfection ratio of 2:1:3 with TransIT-PRO
Transfection Reagent (Mirus Bio) [25]. After an incubation time of 14 days, the antibodies
were purified, first with AmMag™ Protein A Magnetic Beads (Genscript) and then over a
CaptureSelect™ CH1-XL Pre-packed Column (ThermoFischer Scientific) according to the
manufacturer’s instructions.
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2.9. Sample Collection, AB Extraction and Enzyme-Linked Immunosorbent Assay (ELISA)

Each mouse was euthanized by the intraperitoneal injection of a Dolethal overdose
(150-200 mg/kg). To harvest plasma, blood was collected with a prefilled heparin syringe
via cardiac puncture. Next, blood samples were spun at 2000 x g for 10 min and plasma was
collected. Brains were harvested after transcardial perfusion with heparinized PBS. Mouse
Apq_40 samples from brain and plasma were prepared according to the protocols used by
Serneels et al. [26]. Briefly, one brain hemisphere per mouse was homogenized in buffer
containing 0.4% diethylamine (Sigma, St. Louis, MO, USA) and 50 mM NaCl supplemented
with cOmplete™ protease inhibitor cocktail (Roche, Basel, Switzerland) using a FastPrep-
24™ Classic bead-beating lysis system (MP Biomedicals, Santa Ana, CA, USA). Next,
soluble Af31_49 was extracted via 0.4% diethylamine treatment for 30 min at 4 °C, high-
speed centrifugation (100,000x g, 1 h, 4 °C), and neutralization with 0.5 M Tris-HCI (pH 6.8).
Soluble A1_49 levels extracted from brain and A{31_4¢ levels in plasma were quantified by
ELISA using Meso Scale Discovery (MSD) 96-well plates and A[31_49 antibodies provided
by Janssen Pharmaceutica (Beerse, Belgium). JRFcA(40/28 antibody was used as the
capture antibody whereas the rodent-specific JRE/rAf /2, labeled with sulfo-TAG, was
used as the detection antibody. Soluble A[31_49 levels were interpolated from a recombinant
AR1-40 (A-1153-2, rPeptide) standard curve with the non-linear regression fit Log (agonist)
vs. response—variable slope (4 parameters) model from the Graphpad prism 9.4.1 software.

2.10. Statistical Analysis

Statistics were performed using the Graphpad prism 9.4.1 software. A one-way
ANOVA statistical test, followed by a Dunnett’s multiple comparisons test, was performed
to report statistically significant differences in the levels of A4 in the plasma and
brain samples obtained from mice injected with PBS or bispecific antibodies. Statistical
significance was considered for a p value < 0.05.

3. Results
3.1. Identification of Human/Cynomolgus TfR Binders

The currently described TfR affinity binders that are able to cross the BBB bind the
TfR apical domain. To direct immunization against this region, camelids were immunized
with DNA encoding for alpaca TfR with the sequence encoding for the apical domain
replaced by the cynomolgus apical domain sequence. Phage libraries, generated after
4 biweekly immunizations of two different camelids, underwent two rounds of pannings
on CHO cell lines, overexpressing cynomolgus TfR in the first round and human TfR in
the second round (Figure 1A). A total of 95 individual clones were then picked from the
resulting selected library and sequenced (Figure 1A). These nanobody sequences were
clustered together to exclude identical sequences. The periplasmic extracts of all the non-
redundant sequences were then prepared and screened to find binders to both human and
cynomolgus TfR-overexpressing CHO cells (Figure 1A). From the 32 clones screened, only
8 bound both human and cynomolgus TfR-overexpressing CHO cells. A cluster analysis
of these 8 clones revealed the high homology (above 91%) between 7 of them. There-
fore, out of these 8 hits, two leads were chosen for further expression, purification, and
characterization. Purified BBB00515 and BBB00533 bound both human and cynomolgus
TfR-overexpressing cells whereas they did not bind mouse TfR-overexpressing cells or a
control cell line only expressing GFP (Figure 1B-E). The binding kinetics to recombinant
human and cynomolgus TfR were further characterized in vitro with Surface Plasmon
Resonance (SPR) (Figure 1F-H). Both BBB00515 and BBB00533 bound immobilized recom-
binant cynomolgus TfR with similar estimated affinity constants (Kp = 63.00 &= 1.20 nM for
BBB00515 and Kp = 103.77 + 8.14 nM for BBB00533; Figure 1H). Both also bound to immo-
bilized recombinant human TfR, but with higher Kp values (Kp = 1183.67 4 423.81 nM for
BBB00515 and Kp = 207.00 + 27.84 nM for BBB00533; Figure 1H).
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Figure 1. (A) Camelids were immunized with alpaca TfR DNA with the human apical domain
sequence. Immune phage libraries were selected in the first round on CHO cells overexpressing
cynomolgus TfR and on CHO cells overexpressing human TfR in the second round. The sequencing
and screening of several clones was performed via flow cytometry based on the binding of periplasmic
extract to CHO cells overexpressing human TfR. Graphical designs were created with BioRender.com.
Different colors in 96-well plate represent different levels of binding (B—E) Flow cytometry analysis
showing the binding of nanobodies to CHO cells overexpressing (B) hTfR, (C) cynomolgus TfR,
(D) mouse TfR, and (E) GFP. The data represent means & SEM (n = 3). (F,G) SPR binding kinetics
(black-colored line) and curve fitting (red-colored line) of nanobodies binding to cynomolgus TfR
(F) and human TfR (G) recombinant material. (H) SPR kinetic analysis indicated different binding
affinities of nanobodies to cynomolgus and human TfR recombinant material.
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3.2. Anti-Human/Cynomolgus TfR Nanobodies Shuttle Anti-BACE1 mAb into the Brain

BACE1 inhibition in the brain was the paradigm used to assess the potential of the
nanobodies to deliver, in vivo, biologicals in the brain [12,13,16]. BACEI1 is responsible
for the cleavage of APP to give rise to Af3 species [27]. BACE1-inhibiting antibody (Mab
1A11AM) is able to reduce brain A1_4q levels in vivo but does not cross the BBB in sufficient
amounts when it is delivered peripherally [16,28]. Here, the abilities of BBB00515 and
BBB00533 to modulate the properties of 1A11AM and improve brain accumulation after
peripheral delivery were examined. Therefore, bispecific antibodies with ablated effector
function were generated, with each bispecific antibody having one intact 1A11AM Fab
and one nanobody, both fused to their respective Fcs (Figure 2A). BBB00574 bispecific
antibody carries a BBB00515 nanobody, whereas BBB00578 carries a BBB00533 nanobody. As
expected, both bispecific antibodies were still able to bind hTfR in living cells, but were not
able to do so in a negative-control cell line (Figure 2B,C). Binding to BACE1 was confirmed
with BLI, in which biotinylated recombinant human BACE1 protein was immobilized at
the tip of streptavidin-coated biosensors (Figure 2D-F). Both bispecific antibodies bound
human BACEI1 with similar Kp values of 0.3 nM (Figure 2F).
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BBB00578 BACE1 2.03x10°+5.75x102 6.51x105+1.53x10° 3.21x1020+7.57x10712

Figure 2. (A) A bispecific antibody design with one 1A11AM intact Fab and a nanobody coupled to
an Fc with KiH and ablated effector function mutations. Created with BioRender.com. (B,C) Flow
cytometry analysis showed bispecific antibody binding to (B) human TfR or (C) GFP-overexpressing
cells. The data represent means = SEM (n = 3). (D,E) BLI binding kinetics of BBB00574 (D) and
BBB00578 (E) bispecific antibodies to recombinant human BACE1. (F) The kinetic analysis of bispecific
antibodies binding human BACE1 was performed using a 1:1 interaction model.
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Next, both bispecific antibodies were administered intravenously in hAPI KI mice
in which the mouse TfR apical domain had been replaced by the human sequence [16].
The chosen concentration to inject was 167 nmols/kg, which was the dose at which no
central BACEL1 inhibition had been observed for 1A11AM after intravenous injection [16,28].
Plasma and brains were harvested 24 h later, and A4 levels were quantified with ELISA.
Both BBB00574 and BBB00578 bispecific antibodies could lower Af31_49 levels in plasma
by 60%, as compared to what had been found in samples of PBS injected mice (Figure 3A).
Interestingly, Ap1_40 levels in the brain were reduced by 40% as compared to what had been
noted in PBS injected mice (Figure 3B), suggesting the ability of both nanobodies to carry
biological moieties over the BBB. 1A11AM antibody coupled to an anti-GFP nanobody and
administered intravenously at the same concentration of 167 nmols/kg in hAPI KI mice did
not decrease brain A31_49 levels 24 h after injection as compared to what had been noted in
a PBS control group [16].
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Figure 3. A4 levels were quantified in (A) plasma and (B) brain as readout of BACE1 inhibi-
tion, in mice injected intravenously with either PBS, BBB00574, or BBB00578. The data represent
means + SEM (n = 3), and different conditions were compared to the PBS control group using a
one-way ANOVA with Dunnett’s multiple comparisons test: **** p < 0.0001. Each dot represents
one mouse.

4. Discussion

In previous studies, we reported the discovery of first an anti-mouse TfR nanobody
(NB62) and next an anti-human TfR nanobody (NB188) [15,16]. These could both efficiently
deliver therapeutic moieties in the brain. Unfortunately, we later discovered a lack of
NHP cross-reactivity for NB188, and this was a drawback for preclinical development, as
safety of potential therapeutics is commonly assessed in NHPs [23]. Previous experiences
from our lab and others indicate that acquiring human and cynomolgus TfR binders
is challenging [12]. Currently described TfR affinity binders that are able to reach the
CNS bind the TfR apical domain. Despite the fact that the apical domains of human
and cynomolgus TfR have a 95% homology, there is no guarantee of cross-reactivity of
antibodies [12]. We have also observed that two residues in the cynomolgus sequence that
differ from those in the human sequence give rise to a glycosylation site that is absent in the
human T1R, potentially hampering the binding of biologicals to TfR. To drive immunization
against the cynomolgus apical domain, camelids were immunized with a chimeric DNA
encoding for the alpaca TfR sequence with the apical domain sequence replaced by the
cynomolgus sequence. After phage selections and screening on TfR-overexpressing cells,
we found 2 nanobodies, BBB00515 and BBB00533, that were able to bind both human
and cynomolgus TfR. Ideally, to be able to predict—based on the outcomes of preclinical
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studies—the amount of IgG that will accumulate in the brain in human patients, the binding
affinities to both human and cynomolgus TfR should be similar. Although some studies
have reported TfR binders with similar affinities to human and cynomolgus species [10,13],
some others have reported higher affinities to human TfR than to cynomolgus TfR [12,29].
One of our two newly identified nanobodies, BBB00515, binds cynomolgus TfR with
18 times more affinity than human TfR. However, BBB00533 is only two times more affine
to cynomolgus than human TfR, making it the most interesting nanobody to consider for
further preclinical development.

Nanobodies were fused to a BACE1-inhibiting antibody, 1A11AM, to validate their
potential to deliver biologicals into the brain. Two bispecific antibodies were engineered,
and in each of them, 1A11AM Fab and one of the nanobodies (BBB00515 or BBB00533)
were fused to an Fc. To provide a functional readout of BACE1 inhibition and hence
BBB penetration, we chose here to quantify the Af1_49 levels 24 h after injection of the
bispecific antibodies. We previously demonstrated that while the 1A11AM antibody is able
to reduce A4 levels in the periphery, it is not able to do so in the brain when injected
intravenously [16,28]. Other studies showed similar findings when anti-BACE1 antibodies
were injected at low concentrations and allowed to circulate for only 24 h [12,30] in each
case. Interestingly, our new bispecific antibodies, BBB00574 and BBB00578—carrying either
BBB00515 or BBB00533 nanobodies, respectively—were able to reduce AfB1_49 levels in
the brain, suggesting penetration into the brain parenchyma after peripheral injection.
Despite having different affinities for human TfR, both of our lead nanobodies, when fused
to 1A11AM, were able to inhibit BACE1 by similar levels, resulting in a 40% reduction
of AB1-49 levels in the brain as compared to what had been recorded in the PBS-injected
controls. This degree of BACE1 inhibition was similar to those of both Genentech’s anti-
human TfR/BACEI antibodies and our previously reported anti-human TfR nanobody
fused to 1A11AM antibody, all injected at equimolar concentrations [12,13,16]. Previous
findings corroborate that bispecific antibodies with differing human TfR affinities can lead
to similar BACE1 inhibitions 24 h after treatment [12,13]. We strongly believe that this
lowering in A-levels in the brain is related to an increased brain penetration of the BACE1-
inhibiting antibodies and not to peripheral effects such as those suggested by the peripheral
sink hypothesis in the context of A clearance. This hypothesis states that A clearance
in blood could yield into an efflux of Af3 from the brain to blood, thereby reducing Af3
in the brain compartment [31]. However, such an effect has not been observed so far in a
multitude of studies from various research groups when inhibiting peripheral BACEL1 either
genetically or pharmacologically, even after several months of treatment [12,16,28,30,32].
Additional experiments, such as pharmacokinetic studies of the bispecific antibodies, could
potentially be performed to determine exact antibody levels in the brain over time. Finally,
it would be of interest to determine the yield of BACEL1 inhibition in the brain/cerebrospinal
fluid (CSF) in an NHP. We expect our bispecific constructs to be efficient since their affinities
to cynomolgus TfR are similar to their affinities to human TfR and in the same range as
the anti-TfR1/BACE1 antibody from Genentech, which yielded a 50% BACE1 reduction in
NHP CSF [13].

5. Conclusions

Here we have described two novel nanobodies binding to both human and non-
human primate TfR and suggested that they are able to deliver biologicals into the brain
in a humanized TfR mouse model. One of them, BBB00533, binds with similar affinity
to human and cynomolgus TfRs. This is an important finding since cross-reactivity is a
prerequisite for further clinical development. If their potentials to deliver biologicals were
to be confirmed in a non-human primate, these nanobodies could be used clinically to
increase the brain permeabilities of therapeutic biologicals.
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Abstract: Primary brain and central nervous system (CNS) tumors are a diverse group of neoplasms
that occur within the brain and spinal cord. Although significant advances in our understanding of
the intricate biological underpinnings of CNS neoplasm tumorigenesis and progression have been
made, the translation of these discoveries into effective therapies has been stymied by the unique
challenges presented by these tumors” exquisitely sensitive location and the body’s own defense
mechanisms (e.g., the brain—CSF barrier and blood-brain barrier), which normally protect the CNS
from toxic insult. These barriers effectively prevent the delivery of therapeutics to the site of disease.
To overcome these obstacles, new methods for therapeutic delivery are being developed, with one
such approach being the utilization of nanoparticles. Here, we will cover the current state of the field
with a particular focus on the challenges posed by the BBB, the different nanoparticle classes which
are under development for targeted CNS tumor therapeutics delivery, and strategies which have
been developed to bypass the BBB and enable effective therapeutics delivery to the site of disease.

Keywords: nanoparticle; liposome; extracellular vesicle; chemotherapy; targeted therapy; drug
delivery; blood-brain barrier; brain tumor; glioma

1. Introduction
1.1. Primary Brain and Other Central Nervous System Tumors

Primary brain and other central nervous system (CNS) tumors are a diverse group
of neoplasms that occur within the brain and spinal cord. These tumors can arise from
various cell types, including glial cells, neurons, meningothelial cells, and embryonic cells.
In adults, brain tumors account for approximately 2% of all cancer diagnoses and 3% of
deaths due to cancer [1]. It is estimated that 700,000 people in the U.S. are living with a
primary brain tumor, and approximately 90,000 more will be diagnosed in 2023 [2]. More
than two-thirds of patients diagnosed with glioblastoma (GBM), the most aggressive type
of brain cancer in adults, will succumb to their disease within 2 years of diagnosis, and an
estimated 20,000 adults in the U.S. die from primary cancerous brain tumors each year [1,3].
In individuals under the age of 20, brain tumors are the second most common category
of cancer and the leading cause of cancer-related death [4,5]. In children, H3 K27-altered
diffuse midline glioma (DMG) is the most lethal form of brain cancer, associated with an
abysmal prognosis and a 5-year survival rate of less than 2% [4,6]. Additionally, children
diagnosed with a brain tumor who survive and enter adulthood will often be affected by
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the long-term consequences of exposing the developing brain to medical interventions [7].
Overall, brain tumors remain a significant source of morbidity and mortality for which
diagnosis and treatment require extensive resource allocation and sophisticated diagnostic
and therapeutic technology [8].

Treatment options for brain tumors depend on the type, location, and stage of the
tumor, as well as the patient’s age and overall health [9]. Most brain tumors have proved
challenging to treat, due in large part to the molecular features of these tumors, which
frequently work in concert to impede advancements in therapy [10]. Surgical resection,
chemotherapy, and radiation therapy (RT) remain the primary treatment modalities [11,12].
Given the lack of durable therapies for most brain tumors, there is a dire unmet gap
in clinical practice for improved therapeutic modalities based on the unique molecular
underpinnings of individual tumors.

As our understanding of the intricate biology that mediates tumorigenesis and pro-
gression increases, the integration of molecularly targeted agents, which can target key
factors on tumor cells, the tumor microenvironment, or the patient’s immune system,
into conventional therapeutic regimens may provide a substantial benefit for patients
with otherwise incurable brain tumors [12-15]. However, a multitude of factors, such as
molecular heterogeneity, invasion of tumor cells outside the bulk tumor core identified
on imaging, as well as the brain-CSF barrier and blood-brain barrier (BBB), which pre-
vent the buildup of xenobiotics within the CNS, may limit the efficacy of these promising
therapeutic strategies [16].

1.2. Blood—Brain Barrier

Although progress has been made in identifying potentially targetable vulnerabilities
for the treatment of brain tumors, crossing the BBB and achieving therapeutic drug levels
at the tumor remain significant obstacles. The BBB is an anatomical and biochemical barrier
that works by tightly controlling the permeation of ions, macromolecules, and nutrients into
the brain in order safeguard it from potentially harmful substances like toxins, pathogens,
and drugs present in systemic circulation [17,18]. This is accomplished with cooperative
work by multiple cellular components, including brain capillary endothelial cells (ECs),
pericytes, and astrocytic glia cells, which orchestrate a complex intra- and intercellular
barrier network [19-21]. Together, these cells not only serve a structural purpose, but
they also function as a neurovascular unit that regulates BBB integrity and affects drug
penetration into the brain [22,23].

Unlike the peripheral microvasculature, ECs located at the BBB are characterized
by having only few fenestrations and pinocytic vesicles and are tightly linked by tight
junctions (zonulae occludentes), which together act as a physical barrier, limiting the
unrestricted diffusion of substances from the bloodstream into the brain [24,25]. Claudins,
occludins, and junctional adhesion molecules (JAM-A, -B, and -C) are among the most
abundant proteins that make up the zonula occludens complex for restricting paracellular
transport [26,27]. Molecules that cannot diffuse easily across lipid bilayers, such as small
hydrophilic drugs and therapeutic macromolecules, including antibodies and antibody—
drug conjugates, therefore, cannot normally accumulate in meaningful amounts due to this
physical barrier [28].

Polar nutrients like some amino acids, hormones, carbohydrates, and vitamins are
transported across the BBB through carrier-mediated influx transporters such as the L-
type amino acid transporter 1 (LAT1), glucose transporter 1 (GLUT1), and organic anion
transporter polypeptides (OATPs) [29]. Similarly, large molecules like insulin, transferrin,
and some vitamins can be shuttled into the brain by multiple transport mechanisms,
including receptor-mediated endocytosis and different transcytosis pathways [17,30].

Efflux transporter proteins found on the luminal and abluminal side of the EC mem-
brane effectively transport many lipophilic molecules through the luminal EC membrane
back into the capillary lumen [31]. Many small molecules including drugs that can other-
wise readily diffuse across plasma membranes have substrate properties for these efflux
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pumps [32]. ATP-binding cassette (ABC) family members, such as P-glycoprotein (P-gp),
breast cancer resistance protein (BCRP) and multidrug resistance-associated protein 1
(MRP1), have been studied in detail and reported to limit brain distribution of numerous
anticancer drugs [33-37]. Therefore, the physical and biochemical characteristics of the
BBB greatly restrict the delivery of therapeutic agents to the brain, which may reduce the
effectiveness of many systemically administered therapies [38—40].

The integrity of the BBB within the tumor area can vary depending on the particular
tumor type and is referred to as the blood—tumor barrier (BTB) by many [18,40,41]. While
in the majority of brain tumor patients, the BBB is disrupted to some extent, its integrity
has been shown to be variable or remain intact using dynamic contrast enhanced magnetic
resonance imaging (MRI), especially in the peritumoral regions [42—44]. This is particularly
true for children with DMG and some medulloblastoma subtypes (e.g., sonic hedgehog
(SHH) activated tumors), where little or no contrast enhancement on MRI indicates a largely
intact BBB [45]. Furthermore, the structure of the BBB and the expression pattern of efflux
transporters has been shown to vary in different patient populations [46,47]. Based on age,
brain location, and efflux transporter type, a distinct maturation profile was reported in
brain cortical and ventricular tissue of more than 50 human patients, including fetuses,
newborns, children, and adults [48]. These findings imply that major advancements in the
treatment of brain tumors will require the delivery of therapeutic agents across the BBB to
all tumor regions regardless of individual patient and tumor characteristics.

1.3. Nanoparticle Strategies in Neuro-Oncology

Nanoparticles (NP) are a diverse group of nanoscale objects characterized by their
size—usually ranging from 1 to 100 nm—which have gained attention as drug delivery
systems to improve the biodistribution of therapeutic agents through improved solubility
and stability, ability to cross biological barriers, and organ- or cell-specific targeting in
order to either increase efficacy, reduce side effects, or both [49,50]. Several NP-based
drug formulations have been approved by the U.S. Food and Drug Administration (FDA)
in other oncology fields, yet no successful clinical trials have been conducted in brain
tumors, highlighting an important translational gap [51]. While there exists an abundance
of promising preclinical studies, the clinical failure of nanoparticle formulations in brain
tumors to date is likely related to an incomplete reflection of the BBB and other anatomical
and physiological hurdles that must be surmounted to obtain access to this highly protected
tumor environment. In this review, we will provide an update on and highlight recent
developments in NP-based drug delivery systems across the BBB, with a specific focus on
the therapeutic application for brain tumors, along with existing constraints and possible
future paths to overcome translational limitations (Table 1) [52-57].

Table 1. General strengths and weaknesses of nanoparticle classes.

Nanoparticle Class Strengths Weaknesses References
Simplicity of manufacturing process Rapid elimination from bloodstream [58-64]
- Payload flexibility CARPA
Lipid-based NP Potential for surface modification
Biocompatibility

Precise control over physicochemical properties and

drug release profile Rapid elimination from bloodstream [65-71]

Polymeric NP Payload flexibility Relatively low drug loading capacity

Potential for surface modification

Variability in sizes, shapes, and constructs Low solubility, aggregation [72-76]

Inorganic NP Unique magnetic and/or photothermal properties, Toxicity concerns

allowing theragnostic applications Y

Biocompatibility Rapid elimination from bloodstream [61,77-81]
Biological NP Inherently functionalized membrane Low production scalability
& Payload flexibility More complex drug loading process

Low drug loading capacity

Abbreviations: NP = nanoparticle, CARPA = complement activation-related pseudoallergy.
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2. Nanoparticle Classes under Investigation as Drug Delivery Systems for
Brain Tumors

Several classes of NPs are being pursued for the development of CNS-targeted drug
delivery systems. While many paradigms are applicable across different NP categories,
important differences are to be observed. Synthetic (Figure 1) and biological NPs make up
the two major categories of NPs. The former are characterized by a high degree of control
over pertinent physicochemical properties, such as size and surface charge, and include
lipid-based NPs, polymeric NPs, and inorganic NPs, among others. Biological NPs are
either fully derived from living cells or at least partly constructed through a biological
process, offering biocompatibility through their intrinsically functionalized membranes
while foregoing some of tunability of synthetic NPs. Although the various NP classes
have been thoroughly reviewed elsewhere, we will briefly discuss the main categories
that have been investigated for the application in brain tumor therapy in the following
section [58,64,69,72,82-87].
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Figure 1. General structure of the most common synthetic nanoparticles (NPs) used for drug delivery.
Created with BioRender.com.

2.1. Lipid-Based Nanoparticles

The two main lipid-based NPs are liposomes and solid lipid NPs (SLNs). Liposomes
are spherical vesicles consisting of at least one phospholipid bilayer around an aqueous
core, typically ranging from 30 to 2500 nm in size [88]. Despite the fact that several liposo-
mal drug formulations are approved as systemic drug delivery system by the FDA, none
are currently in clinical use for the treatment of brain tumors [51]. The main advantage of
liposomes is the easy manufacturing process, allowing for the modulation of physicochem-
ical properties and phospholipid composition. By introducing a double lipid bilayer or by
encasing several vesicles inside a second membrane, multilaminar or multivesicular lipo-
somes can be produced depending on the phospholipid makeup [58]. Furthermore, surface
modifications using proteins, peptides or polymers are used to alter systemic circulation
time and allow for targeted delivery [59,60]. A broad range of therapeutics, including both
lipophilic and hydrophilic drugs, can be encapsulated in the lipid bilayer or the aqueous
core, expanding the use of liposomal drug carriers [58]. An important limitation for clinical
use is the low bioavailability due to efficient phagocytosis by the reticuloendothelial system
(RES), resulting in preferential accumulation in the liver and spleen [61,89]. Moreover, even
though liposomes are regarded as highly biocompatible, complement activation-related
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pseudoallergy (CARPA) is a common adverse reaction, occurring in 25-45% of patients
upon first administration [62,90].

Solid lipid NPs (SLNs) are another common subset of lipid-based NPs. They differ
from liposomes in that they are built from a phospholipid monolayer around a lipophilic
core matrix. Within this core, micellar structures can be formed around hydrophilic cargo.
SLNs have been mainly used as drug delivery systems for nucleic acids [63,91]. Ionizable
phospholipids with near-neutral charge in physiologic pH form micelles around nucleic
acids, while in acidic endosomes, these phospholipids become charged, promoting endo-
somal escape [63,91]. Combined with their simple synthesis and good biocompatibility,
SLN are a promising drug delivery system for brain tumor therapy, and small molecule
drugs have been successfully delivered to the brain using SLN [92-94]. However, as with
liposomes, rapid accumulation in the RES is a major limiting factor [64,94].

Besides liposomes and SLNs, nanoemulsions have also been considered to improve
drug delivery to CNS tumors. Nanoemulsions are colloidal suspensions, usually consisting
of nanosized lipid droplets in aqueous media stabilized by surfactants [95]. They have
gained attention due to their ability to cross biological barriers, increase bioavailability of
hydrophobic therapeutics, ease of manufacturing, stability, and biocompatibility [95-98].
However, although some groups have been able to attach targeting ligands, the potential
for modification is more restricted compared to other NPs [97]. While oral and intravenous
administration have been investigated, the intranasal delivery of nanoemulsions was the
most effective in the treatment of CNS tumors in animal models [99-101].

2.2. Polymeric Nanoparticles

Polymeric NPs are a diverse group of synthetic NPs. They are built using a nat-
ural or synthetic core polymer that either forms a solid nanosphere or a liposome-like
nanocapsule, in which the core polymer forms a shell around a usually aqueous core.
Most frequently used polymers in neuro-oncology research are poly (lactic-co-glycolic
acid) (PLGA), poly (-amino ester), polystyrene (PS), polyanhydride, chitosan, and poly-
caprolactone. Through the inclusion of various co-polymers, polymeric NPs exhibit a high
potential for modifying stability and surface charge, enabling drug release timing to be
altered from days to weeks [65,102-105]. As with liposomes, further surface functionaliza-
tion is possible [66,67,106]. Drugs can either be attached to the surface, embedded in the
nanosphere or nanocapsule shell, or can reside in the aqueous core, enabling the delivery
of both lipophilic and hydrophilic cargo with different molecular weights [69].

Dendrimers are a specific type of polymeric NP that can be distinguished from other
polymeric NPs by their structural differences. They are built from an initiator core that
anchors a variable number of ‘generations’ of branched layers, terminating in an outer
layer of functionalized surface groups that can harbor imaging, targeting or therapeutic
moieties. Sizes typically range from 1 to 15 nm, growing 1-2 nm with each generation while
doubling the amount of surface groups, allowing a high degree of control over size and
surface chemistry [68]. Commonly used dendrimers to target the CNS are polamidoamine
(PAMAM) and dendrigraft poly-L-lysine (DGL). Small molecule drugs and nucleic acids
are the most frequent payloads, although a wide variety of therapeutics can be attached to
the outer branches and encapsulated in the inner void spaces [84].

Overall, polymeric NPs are excellent candidates for drug delivery because they are
biodegradable into nontoxic components, highly tunable, and several polymers have been
FDA-approved for clinical use as either systemic or topical drug delivery system [51,107-113].
However, the low drug loading capacity of most polymeric NPs and rapid clearance by the
RES are limiting factors [70,71]. Notwithstanding these limitations, several clinical trials of
polymeric NPs for systemic drug delivery in cancer are ongoing, although none of which
target CNS neoplasms [114].
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2.3. Inorganic Nanoparticles

Inorganic NPs are synthesized from inorganic compounds, such as gold, silica, iron
and carbon, and can be manufactured in a wide array of sizes and shapes. Gold NP (AuNP),
for example, form nanospheres, nanorods, nanoflowers, nanoshells and nanocages [72].
Carbon forms quantum dots, fullerenes or nanotubes, and silica is usually used to make
mesoporous NPs (MSN) [85,86,115]. Different inorganic NPs have unique properties, such
as the photothermal properties of gold or the magnetic properties of iron NPs, giving rise
to other uses such as photothermal radiosensitization therapies or imaging applications,
respectively [73,74]. AuNPs, carbon nanotubes and mesoporous silica NPs in particular
have been explored as drug delivery systems. AulNPs have the most diverse applications,
providing a high surface-to-volume ratio and being able to conjugate a wide arrange of
small molecules, proteins or nucleic acids directly to the surface [72]. MSN provide a large
surface area, can be modulated to harbor different pore sizes fitting various types of drugs,
and allow a high degree of control over drug release [87]. Carbon nanotubes can be loaded
with hydrophobic drugs, and the surface decorated with various therapeutic and targeting
moieties [116]. The main disadvantages of inorganic NPs are toxicity concerns and low
solubility leading to aggregation [74,75]. While AuNPs are generally regarded as safe,
MSNis are prone to causing hemolysis through interaction with the red blood cell plasma
membrane, and especially prolonged exposure to carbon nanotubes induces cytotoxicity
in vitro and lung and liver toxicity in rodents [76,87].

2.4. Biological Nanoparticles

Biological NPs (Figure 2) mainly encompass extracellular vesicles (EVs) and cell-
derived nanovesicles (CDN). Extracellular vesicles (EVs) are a group of naturally occurring
NPs with a phospholipid bilayer membrane that are produced by most cells studied to
date [117-129]. Based on their biogenesis, EVs are classified into three main groups: exo-
somes, microvesicles and apoptotic bodies. Exosomes have attracted the most attention as a
drug delivery mechanism, but it can be difficult to distinguish them from other EVs because
of the overlap in size and biological make-up [130-133]. Therefore, in accordance with the
MISEV2018 consensus paper, we will use the term EV in the rest of this review [133].

Contrary to earlier theories that EVs were primarily responsible for the removal of
unwanted proteins from cells, they have been demonstrated to play a significant role in
intercellular communication in both physiological and pathological processes [77,134-141].
The strict regulation of EV lipid bilayer composition, which is different from that of the
parent cell, as well as the selective inclusion/exclusion of certain membrane and intra-
vesicular proteins that are present in the parent cell, are indications of this biological
function [142-146]. While some proteins are related to their biogenesis, others are im-
portant for their biological function and differ between EVs from different parent cells,
e.g., combinations of x- and -chains of integrins changing their organotropism, or the
presence of MHC molecules in EVs from dendritic cells [77,147,148]. Nucleic acids rele-
vant to their function are also regularly identified as a cargo of EVs [149]. Although the
inherently functionalized membrane provides high biocompatibility and some degree of
organotropism, further surface modifications have been applied in an effort to improve
drug delivery [77,150-152]. Therapeutics can be introduced into EVs either before harvest-
ing (through the overexpression of desired proteins or nucleic acids in engineered parent
cells) or after harvesting (through electroporation, sonication or other loading methods) [78].
EVs have shown little to no inherent toxicity in previous in vivo studies [77,79,80,129,153].
As with other NPs, however, a large portion of EVs are captured in the RES [61,81,154].
Furthermore, harvesting and purifying EV in sufficient quantities for research or clinical
purposes are time consuming and complex, limiting their application at present [78].
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Figure 2. Biogenesis, production and general structure of biological NPs. (1-3) Extracellular vesicles
(EVs) are differentiated into three groups based on their biogenesis (1) Microvesicles are small to
medium sized vesicles (100-1000 nm) that originate from outward budding of the plasma membrane
(PM), incorporating cytosolic proteins. (2) Exosomes are small, homogenous vesicles (30-150 nm),
formed by inward budding of the endosomal membrane, forming intraluminal vesicles (ILVs) in
an MVB and subsequently transported to either the PM, where they are released as exosomes, or to
the lysosome for degradation. (3) Apoptotic bodies are usually large (50-5000 nm), heterogeneously
shaped vesicles, shed by cells undergoing apoptosis. (4) Cell-derived nanovesicles (CDNs) are
generated through mechanical extrusion, ultrasonication or freeze-thawing of parent cells. (5) EVs
and CDN are both constructed from a phospholipid bilayer, inherently functionalized with various
groups of membrane proteins. While some proteins are more common in certain vesicle types, there
is considerable overlap. In the lumen, a diverse range of cargo proteins and nucleic acids can be
identified. Abbreviations: MVB = multivesicular body, ER = endoplasmic reticulum, HSP = heat shock
protein, ESCRT = endosomal sorting complexes required for transport. Created with BioRender.com.

Cell-derived nanovesicles (CDNs)—in contrast to EVs, which are created through a
tightly regulated biological process—are produced through mechanical extrusion, ultra-
sonication, or the freeze—thawing of parent cells [155,156]. These techniques cause donor
cells to release CDN in high quantities, dramatically increasing production yield compared
to EVs, while preserving biological properties [155,157]. There is a substantial overlap in
membrane proteins and smRNA contents between EV and CDN, although studies have
demonstrated a difference in membrane lipid composition [155,156]. The in vitro and
in vivo behavior of CDNs as well as the achievable drug loading capacity are also similar
to EVs [155,158]. Overall, preliminary findings imply that CDNs might offer a useful
EV substitute by combining the benefits of EVs with significantly improved production
scalability.

3. Engineered Nanoparticles to Enhance Targeted Drug Delivery to CNS Tumors

Despite the abundance of available NP formulations, the majority of NPs are unable
to efficiently reach the CNS, necessitating the development of advanced NP designs for
brain tumor purposes that take into account the entire delivery cascade [159]. While BBB
penetrance is the most widely acknowledged prerequisite, attaining adequate, persistent
plasma concentrations; having the ability to migrate the extracellular matrix of the brain
parenchyma; and being able to selectively deliver therapeutic payloads to tumor cells
are equally important for achieving a therapeutic effect (e.g., CRITID procedure of brain-
targeting drug delivery) [54]. In this section, we will review the various strategies that have
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been applied across NP classes to address these biological barriers in the treatment of brain
tumors (Figure 3) [54,160,161].
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Figure 3. Paradigms of NP-mediated delivery to the central nervous system (CNS). (a) The ma-
jority of systemically administered NPs are subject to rapid clearance by the reticuloendothelial
system (RES). Two important strategies to avoid recognition by macrophages and inhibit phago-
cytosis are PEGylation or CD47 expression, respectively. (b) While the blood-brain barrier (BBB)
considerably impairs drug delivery to the CNS, NP-mediated drug delivery can exploit various
biological transport pathways to overcome this limitation. CNS neoplasm-induced neoangiogenesis
gives rise to blood vessels with an immature BBB, marked by leaky tight junctions and fenestrated
endothelial cells (ECs), allowing NPs to take advantage of the enhanced permeability and retention
(EPR) effect. Adsorption-mediated transcytosis (AMT), receptor-mediated transcytosis (RMT), and
transporter-mediated transcytosis (TMT) are forms of endosomal transport, triggered by electrostatic
interactions, ligand-receptor interactions or substrate-transporter interactions, respectively, that
can be leveraged by targeted NPs. Furthermore, in cell-mediated transport (CMT), NPs have been
loaded into mesenchymal stem cells (MSC) and white blood cells (WBC) that migrate over the BBB in
response to tissue damage and inflammation. (c) PEGylation allows for improved migration through
the extracellular matrix (ECM), while tumor-specific ligand conjugation increases NP targeting
capabilities. Abbreviations: PEG = polyethylene glycol, BM = basal membrane, CCP = clathrin-
coated pit, CLDN = claudin, OCLN = occluding, JAM = junctional adhesion molecule. Created with
BioRender.com.

3.1. Nanoparticle Clearance and Blood Circulation Time

Achieving adequate and persistent plasma concentrations is crucial for systemically
administered drugs to achieve and maintain effective CNS concentrations in order to
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impart its therapeutic effect. As mentioned earlier in this review, most NPs are rapidly
captured in the bloodstream by the RES. While this has been long known for liposomes
and polymeric NPs, EVs show a similar clearance pattern despite their biological ori-
gin, with half lives of less than ten minutes and significant accumulation in the liver,
spleen and lungs [61,71,81,89,154,162]. PEGylation is the most common modification to
improve NP circulation time, but this has been shown to decrease the capacity for cellu-
lar interaction [60,71,163-165]. While the improved pharmacokinetics of PEGylated NPs
have been shown to enhance CNS delivery in some scenarios, a detrimental effect on BBB
crossing has been reported in others [166,167]. Furthermore, while PEG is classified by the
FDA as generally regarded as safe (GRAS), production of anti-PEG antibodies has been
detected after repeated dosing of PEGylated NP, resulting in accelerated blood clearance
(ABC) known as the ABC effect [90,168].

A more recently explored alternative strategy is the expression of CD47, a ligand
of signal-regulatory protein alpha (SIRPx) on phagocytes, inhibiting phagocytosis, as a
natural ‘don’t eat me’ signal [169]. Kamerkar et al. showed reduced clearance of EVs and
liposomes after increasing CD47 expression [152]. This strategy has been further leveraged
by Belhadj et al. into a combined ‘eat me/don’t eat me” strategy, which consists of first
administering decoy EVs to saturate the RES, followed by CD47-expressing drug-loaded
EVs [170]. Using this strategy, the authors reported increased tumor accumulation of
drug-loaded EVs and improved survival rates in a lung cancer mouse model. This strategy
is also applicable to other NPs and has been shown to be superior to PEGylation by some
studies [171,172].

Additionally, physicochemical properties such as NP size and surface charge impact
systemic circulation time [173-175]. NPs smaller than 5 nm are rapidly excreted through
renal glomerular filtration [176]. Zhang et al., markedly reduced renal clearance of a
PAMAM dendrimer by slightly increasing the size from 4.3 nm to 6.7 nm [176]. Conversely,
NPs larger than 200 nm are more likely to be captured by the RES [177]. Furthermore, in
phospholipid-based NPs, lipid composition can also influence clearance rates [178-180].
More recently, the effect of different NP shapes has gained considerable interest, as it
has been demonstrated that rod-shaped NPs interact with cells less frequently, leading to
decreased clearance by the RES [181-183].

3.2. Nanoparticle Strategies to Enhance Drug Delivery Past the BBB

The inability to cross the BBB and achieve therapeutic concentrations is a significant
drawback of most conventional drugs [19]. While unaltered NPs exhibit some degree of BBB
penetrance, engineered NPs have been developed to improve drug delivery over the BBB.
These formulations exploit biological processes such as endogenous transport pathways or
the migration of mesenchymal stem cells (MSC) and white blood cells (WBC) in response to
tissue damage or inflammation [128,132,184-190]. Other strategies for bypassing the BBB
altogether, such as intranasal delivery, convection-enhanced delivery (CED), or temporary
BBB disruption, are also being investigated in combination with NPs.

3.2.1. Nanoparticle Modifications to Increase BBB Passage

Although their physicochemical properties largely prevent most NPs from crossing
the BBB, they can either inherently or after surface modification take advantage of natu-
ral transcytosis pathways. Transcytosis is a form of active vesicular transport, initiated
by endocytosis from the luminal side of ECs, from where endosomes are sorted to be
degraded in lysosomes, returned to the bloodstream, or transported to the abluminal
side of the EC. In brain capillaries, endocytosis is primarily mediated by clathrin-coated
pits (CPs) [191]. Three pathways are distinguished based on the trigger for endocyto-
sis: adsorption-mediated transcytosis (AMT), receptor-mediated transcytosis (RMT) and
transporter-mediated transcytosis (TMT). Although an in-depth analysis of these path-
ways is beyond the scope of this review, we will provide a summary of the most common
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strategies. We kindly refer to reviews from Azarmi et al. and Moura et al. for a more
comprehensive overview [192,193].

In AMT, endocytosis is initiated after the electrostatic adsorption of cationic particles
to the anionic CPs. While cationic NPs, such as chitosan NPs and certain polyamidoamine
(PAMAM) dendrimers, and NPs functionalized with cationic molecules have been shown
to cross the BBB, AMT intrinsically lacks CNS specificity as negatively charged mem-
branes are virtually universal to all living cells [185,194-196]. In contrast, RMT is a specific
process, triggered by binding an EC surface receptor. Through the conjugation of either
endogenous or engineered ligands for receptors predominantly expressed on brain ECs
onto NPs, CNS-specific delivery of NP-encapsulated drugs can be achieved. Commonly
targeted receptors include transferrin (TfR), lactoferrin (LfR), insulin, and low-density
lipoprotein (LDLR) receptors as well as LDLR-related peptides (LRPs) [197-203]. Some
authors further reported the expression of the nicotinic acetylcholine receptor (nAchR) on
NPs to harness RMT [204]. Due to their potential as a dual target, being widely expressed
in both tumor cells and brain EC, some receptors, such as the TfR, have undergone exten-
sive research [198,205,206]. TfR ligands have been successfully conjugated to lipid-based,
polymeric and inorganic NP, increasing target cell specificity in vitro while providing in-
creased CNS uptake in vivo [206-210]. Using transferrin-coupled temozolomide-loaded
PLGA NPs, Kuang et al. showed increased antitumor activity in a U87 orthotopic xenograft
glioma mouse model [206]. Nonetheless, absolute NP uptake with RMT is usually low [211].

Similar to RMT, TMT is a specific process initiated by binding a transporter present on
the EC surface. The most commonly investigated TMT transporters are GLUT1 and the
glutathione transporter, both serving a dual role, being highly expressed on brain ECs and
many tumor cells [203,212,213]. Critically, however, when targeting endogenous receptors
and transporters important for brain homeostasis, the potential for serious adverse reactions
should be considered, as ligand-coated NPs might competitively inhibit the transport of
important nutrients to the CNS. To this end, a study using TfR-targeted oxaliplatin-loaded
liposomes reported dose-dependent lethargy postinjection in mice [207]. Conversely,
endogenous ligands might outcompete engineered NPs, decreasing the targeting efficiency.

Besides conjugation of targeting moieties, modulation of NP shape provides another
strategy to optimize endocytosis. Anti-VCAM-1, anti-ICAM-1 and anti-TfR-coated PS
nanorods showed increased brain accumulation compared to spherical PS NP in vitro
and in vivo. Interestingly, spherical NPs associated significantly more with brain ECs
than their rod-shaped counterparts, suggesting that spherical shapes increase nonspecific
intercellular interactions [214-216]. Given that most NPs are spherical, this warrants further
investigation of NPs with other shapes.

3.2.2. Cell-Medjiated and Cell-Mimicking Drug Delivery over the BBB

Another strategy to potentially enhance BBB passage is by loading NP into cells
capable of migrating over the BBB, such as MSCs and WBCs, or coating them with cell
membranes [217]. This way drug can be protected from degradation while carrier cells
facilitate targeting to the tumor regions [188,189]. MSCs have been intensely investigated
for cell-based therapies due to their regenerative properties and tumor-tropism, making
them a prime candidate for NP-based drug delivery [190,218]. Roger et al. demonstrated the
ability to load PLA NPs and SLN into MSCs without affecting their cell viability or ability to
migrate towards glioma cells in vitro and in vivo in a U87MG orthotopic xenograft glioma
mouse model after administration via CED [219]. Using a U251 heterotopic flank xenograft
glioma mouse model, Li et al. reported prolonged retention and enhanced apoptosis after
intratumoral injection of doxorubicin-loaded silica nanorattles attached to MSCs compared
to both free drug and doxorubicin-loaded silica nanorattles [220]. Similarly, WBCs are
capable of migrating over the BBB towards regions of tissue damage and inflammation [188].
Multiple groups demonstrated the ability of macrophages, neutrophils and T-lymphocytes
to be loaded with different types of NPs [221-225]. Using monocytes as a carrier, Ibarra
et al. showed enhanced accumulation of polymeric NPs in the tumor region of an GL261
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orthotopic xenograft glioma mouse model [222]. Importantly, this xenograft model had a
compromised BBB in the tumor region; therefore, none of these experiments were able to
definitively prove NP passage over an intact BBB.

Rather than loading NPs into live cells, other groups have coated various NPs in
specific cell membranes in order to attain similar benefits. For example, Zhang et al. have
cloaked their NP in MSC membranes to improve BBB passage and tumor targeting, and Ji
et al. packaged doxorubicin in platelet membranes as adjuvant therapy with neurosurgery,
targeting the damaged vascular endothelium at the surgical margins [226,227]. Although
further evaluation is needed, these ‘“Trojan horse’-inspired strategies hold promise to
optimize NP delivery.

3.2.3. Bypassing the BBB

Rather than improving BBB penetrance, other strategies have focused on circum-
venting or (temporarily) disrupting the BBB entirely. Widely studied approaches include
intranasal delivery, convection-enhanced delivery (CED), and focused ultrasound (FUS).
While these techniques are also being investigated in combination with conventional drugs,
beneficial effects of NP-encapsulation are being explored.

A systemic first pass effect and the BBB are avoided by intranasal delivery, which
is envisioned by direct uptake via the olfactory and trigeminal neuroepithelia into the
brain parenchyma. Upon intranasal administration of EV-encapsulated curcumin and
JSI-124, a STAT3 inhibitor, Zhuang et al. demonstrated anti-inflammatory effects and
reduced tumor growth in brain inflammation and orthotopic xenograft glioma mouse
models, respectively [228]. Similarly, Sousa et al. reported improved antiangiogenesis,
reduced tumor growth and reduced systemic drug exposure in a U87 orthotopic xenograft
glioma mouse model after intranasal administration of a bevacizumab-loaded PLGA PNP
compared to the free drug [229]. However, the translation relevance of intranasal delivery
from animal models to humans is debated due to the relatively large size of the olfactory
system in rodents, the highly variable administration efficiency, and the limited maximal
doses [230].

CED is a neurosurgical technique that circumvents the BBB by directly infusing drugs
into the brain parenchyma, encompassing the tumor site through the generation of a
mechanical pressure gradient [231,232]. The use of convective kinetics facilitates the ho-
mogenous distribution of infused drugs at high local concentrations with minimal systemic
toxicity [45,233]. Early-phase clinical trials of CED have established the safety and feasibility
of this procedure in children and adults [234-238]. However, inadequate drug distribution
and retention have been largely cited as the reasons for the failure of a phase III CED study
performed in adult GBM [239-241]. Nanoparticle-encapsulated drugs were found to be
retained in situ for longer than free drugs alone in prior in vivo experiments using CED
of nanoparticles [242]. Zhang et al. further demonstrated the enhanced in vivo distribu-
tion of PEGylated liposomal doxorubicin compared to free doxorubicin in a tumor-naive
mouse model [243]. MTX110, a water-soluble nanoparticle formulation of panobinostat,
distributed effectively in the brains of small and large animals following CED without
clinical or neuropathological signs of toxicity up to an infused concentration of 30 uM and is
currently undergoing clinical development [33,244]. Preliminary data from seven patients
who received two 48 h MTX110 infusion pulses (30 or 60 uM) showed some encouraging
signs of antitumor activity with repeated CED of MTX110 [237].

Lastly, a legion of options has been explored to improve brain-drug delivery via the
temporary disruption of the BBB, including osmotically active agents such as mannitol
and mechanical methods such as focused ultrasound (FUS). However, disruption of the
BBB does not uniformly result in increased drug penetration into the brain, as it does
not only increase influx but also facilitates rapid clearance out of the brain [245,246].
Notwithstanding, Nance et al. showed improved delivery of long-circulating PEGylated
PS PNPs to the brain using MRI-guided FUS, suggesting that local and temporary BBB
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disruption in combination with longer circulating NP might improve the in vivo efficacy of
administered therapeutics [247].

3.3. Nanoparticle Modifications to Increase Delivery to Brain Tumor Cells

After crossing or bypassing the BBB, the extracellular matrix (ECM) of the brain
parenchyma forms another biological barrier NPs need to navigate to reach the target
cell. While the ability to move throughout the ECM is inversely correlated with NP size,
mechanical adhesion can severely limit the diffusion of NPs of any size [248]. Nance et al.
demonstrated that uncoated PS PNPs of all sizes are immobilized by adhesion, and while
densely PEGylated paclitaxel-loaded PLGA nanoparticles could readily move through the
ECM, uncoated PLGA NPs could not [248]. The authors concluded that densely PEGylated
NPs with a near-neutral charge and a size of <114 nm are most optimal for diffusion
through the brain parenchyma after systemic administration. Building on these findings,
Schneider et al. produced a PEGylated PS PNP decorated with a ITEM4 monoclonal
antibody targeting fibroblast growth factor-inducible 14 (Fn14), which is highly expressed
in high-grade glioma. The authors demonstrated specific targeting of glioma cells with
retained ability to navigate the ECM in rat brain tissue and in a U87 orthotopic xenograft
glioma mouse model using CED [249].

This combination of surface modifications, including targeting antibodies and pep-
tides, is frequently used to enhance drug delivery specifically to the targeted tumor cell.
While in solid tumors outside the CNS, NPs provide passive accumulation through the
enhanced permeability and retention (EPR) effect (i.e., preferential tumor accumulation of
nanosized particles through leaky vessels ensuing tumor-induced neoangiogenesis and
accompanying inflammatory response), it is unclear whether this concept is directly trans-
latable to brain tumors due to the unique characteristics of the BBB [250,251]. Even though
passive accumulation might still occur to a certain degree through tumor-induced BBB
disruption, tumor-specific targeting moieties have been used across NP classes to increase
brain tumor cell delivery [185,252-254].

The most intensely investigated targets for drug delivery to high-grade gliomas are
vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR),
including the truncated, constitutively active variant EGFRVIII [67,106,255,256]. Other
commonly investigated moieties are TfR-ligands, as discussed above, and chlorotoxin,
targeting a chloride ion channel and matrix metalloprotease 2, which have all been shown
to be overexpressed in different neuroectodermal tumors [187,206-210,257,258]. Several of
these ligands have been successfully conjugated to drug-loaded NPs and demonstrated
to increase cytotoxicity and tumor cell selectivity in vitro and CNS accumulation in vivo
in orthotopic xenograft glioma mouse models [67,106,229,255,256,258]. However, studies
have reported the reliance on the overexpression of the target receptor in the used tumor
models [67,106].

Notwithstanding the promising preclinical data, the lack of successful clinical trans-
lation highlights the inherent limitations of targeting specific receptors due to inter- and
intratumoral heterogeneity, expression changes upon treatment, and the generation of
alternative oncogenic mutations, which all promote the development of treatment resis-
tance [53,259,260].

4. Novel Strategies and Future Directions

Notwithstanding the aforementioned strategies to specifically design CNS-targeted
NPs with promising preclinical data, no successful clinical translation has been achieved.
However, novel technologies are under investigation to further improve NP-based brain
tumor therapy by combining several treatment modalities and defining new therapeutic
targets (Figure 4).
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Figure 4. Novel strategies in NP-mediated drug delivery. (a) Complex NPs have been constructed,
combining magnetic properties, tumor microenvironment (TME)-responsive elements, and multiple
targeting strategies into one NP platform for drug delivery. (b) After injection, magnetic NPs can
increase targeting efficiency using magnetic convection-enhanced diffusion to the region of interest.
Furthermore, magnetothermal and radiosensitizing properties allow for additional therapeutic
benefits. (c) Dual-targeting strategies for recognition of both the blood-brain barrier and brain tumor
cells are commonly implemented. (d) TME-responsive elements can increase site-directed delivery
by allowing cargo release when encountering specific molecules abundant in the TME, e.g., reactive
oxygen species (ROS). Abbreviations: NP = nanoparticle, EC = endothelial cell, CNS = central nervous
system. Created with BioRender.com.

While many NPs mainly focus on the efficient, targeted delivery of drugs, magnetic
NPs, e.g., iron oxide (loaded) NPs, exhibit unique properties, allowing additional ther-
apeutic benefits [261]. Using external magnetic fields, brain targeting can be improved
using magnetic convection-enhanced diffusion, usually in combination with regular tumor-
targeting ligands [262-265]. Furthermore, magnetic NPs induce local magnetic hyper-
thermia when exposed to alternating magnetic fields, providing a noninvasive method to
impart local cell death, and act as a radiosensitizer, potentiating the effect of concomitant
radiotherapy [266,267]. Similarly, AuNPs display a photothermal effect, providing the
possibility of local hyperthermia induction using near-infrared light, while also being a
potent radiosensitizer [268-270]. As such, the potential of these NPs to potentiate radiother-
apy efficacy, improve chemotherapy delivery, and simultaneously allow additional local
hyperthermal therapy is offering perspectives to reinforce the current treatment regimens.

The emerging appreciation of the tumor microenvironment (TME) allows ample
opportunities for novel NP-based therapies, providing new therapeutic targets and creating
new possibilities for TME-responsive NPs to improve site-specific delivery. For example,
Hsieh et al. produced a CNS-targeted NP delivering small interfering RNA (siRNA) to
silence PD-L1 expression in a GBM mouse model, increasing cytotoxic T cell infiltration and
suppressing tumor progression [271]. Furthermore, several groups have created reactive
oxygen species (ROS)-responsive NPs, which release their cargo when encountering high
ROS concentrations as present in the GBM TME [272-274]. Seeing that novel adoptive

85



Pharmaceutics 2023, 15, 1804

cellular therapies are currently limited by the immunosuppressive TME and cell-mediated
NP delivery has been successful preclinically, combination regimens of adoptive cellular
therapies with NP-based TME modulation are under intense investigation [275,276]. Chang
et al. introduced MSN loaded with the hypoxia-activated prodrug tirapazamine into anti-
GBM chimeric antigen receptor (CAR) neutrophils. In a mouse model, the CAR neutrophils
effectively delivered the MSN to the tumor, significantly inhibiting tumor growth and
prolonging survival through the combined effect of the CAR neutrophils and the local
drug delivery [277]. Furthermore, in solid tumors outside the CNS, pretreatment with
TME-modulating NPs or NP-mediated photothermal therapy have also shown promising
results, although this has yet to be evaluated in CNS tumors [278,279].

Increasingly, highly complex NPs are being engineered, combining multiple NP types,
multiple targeting strategies and various treatment modalities in order to surmount the
different biological barriers [226,265,272]. Zhang et al. produced a nanocapsule loaded
with anti-VEGFR2 antibodies (inhibiting angiogenesis) crosslinked to anti-CPT1C siRNA
(an essential protein for fatty acid oxidation) by a ROS-responsive disulfide crosslinker.
The surface was decorated with 2-Deoxy-D-Glucose, a glycolysis inhibitor that is also a
substrate for GLUT1, allowing for TMT over the BBB and targeting to the tumor cells. Upon
encountering ROS in the TME, the anti-VEGFR2 antibodies, CPT1C siRNA and 2-Deoxy-D-
glucose are released, inhibiting angiogenesis, fatty acid oxidation and glycolysis pathways,
killing the tumor cells by effectively blocking their energy supply [272]. Another example
was recently published by Li et al., combining angiopep-2-decorated EVs, targeting the LRP-
1 receptor, with a magnetic NP consisting of an iron oxide core surrounded by a mesoporous
silica shell, allowing for both ligand-mediated and magnetic targeting. The EVs were
loaded with GPX4 siRNA and the mesoporous silica shell decorated with a dihydroorotate
dehydrogenase inhibitor, targeting two important ferroptosis defense pathways, inducing
cell death through their combined effect [265]. Similarly, Zhang et al. produced a CNS
targeted, MSC membrane-coated, pH-responsive, cupper-based NP loaded with siRNA
to induce cuproptosis, a recently uncovered form of cell death [226]. Considering the
complexity of these NP platforms reflects the diversity of biological barriers that has to be
surmounted, continued efforts are needed in order to achieve effective NP-based treatment
strategies for CNS neoplasms.

5. Summary and Conclusions

To date, the therapeutic impact of advances in our knowledge of CNS tumors has been
significantly hindered by the unique biology which surrounds these tumors, namely the
blood-brain barrier, which not only prevents the entry of the vast majority of therapeutics,
but actively removes them from the CNS space via the activity of efflux transporters. To
overcome the vexing challenges posed by the BBB and increase the CNS tumor therapeutic
exposure time, a variety of strategies utilizing nanoparticles have been developed, which
enable greater delivery and retention of therapeutics at the site of disease. One such
strategy in the CNS targeting nanoparticle space entails the modification of therapeutic-
containing nanoparticles with groups which will induce nanoparticle transport into the
CNS via transcytosis. To achieve this, nanoparticles are modified with ligands for receptors
highly expressed on CNS endothelial cells which when bound will induce transcytosis.
Alternatively, the nanoparticle can be modified with a substrate for a transporter highly
expressed on CNS endothelial cells which, when bound, similarly induces transcytosis.
Ideally, these receptors/transporters are both highly expressed on the CNS endothelial
cells and on the tumor itself, as is the case for transferrin and GLUT1, respectively. Another
approach for facilitating nanoparticle BBB circumvention involves hitching a ride with cells
which are already able to enter the CNS, and which have innate tumor-tropic active homing
ability. Examples of this approach have utilized MSCs and various WBCs, and although—to
our knowledge—this strategy has yet to be tested in an animal model with an intact BBB,
enhanced accumulation of NPs in the tumor region of orthotopic xenograft glioma mouse
models has been demonstrated, indicating significant promise for the approach.
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In addition to strategies which solely rely on the nanoparticle to bypass the BBB,
strategies have been devised which make use of nanoparticles in combination with unique
delivery methods which are designed to disrupt the BBB or bypass it entirely. These
approaches include intranasal delivery, convection-enhanced delivery, and focused ultra-
sound. The first two delivery methods are intended to bypass the BBB, while the third
attempts to temporarily disrupt the BBB, allowing therapeutics to reach the site of disease.
By combining these delivery approaches with nanoparticle formulations which have an
enhanced volume of distribution and extended therapeutics release profile, the hope is
that the retention of therapeutics at the site of disease can be increased, and, thus, ther-
apeutic efficacy can be achieved. These combination approaches also have the benefit
of overcoming one of the major hurdles in the nanoparticle therapeutics space, namely,
rapid clearance from the bloodstream by the RES. By directly delivering nanoparticles to
the site of disease, this problem of rapid clearance can be ameliorated. Alternatively, the
modification of nanoparticles with PEG has been shown to increase circulation time by
helping the nanoparticles evade the RES. It is, however, unclear how PEGylation impacts
BBB penetration ability, with some studies indicating enhanced penetrance and others
indicating diminished BBB penetration. It has also been shown that CD47 expression
on nanoparticles can prevent phagocytes from clearing the nanoparticles. Although in
its infancy, this strategy of modifying nanoparticles with antiphagocytosis signals holds
the promise of helping to defeat rapid nanoparticle clearance by the RES. Increasingly,
complex nanoparticles combining several of these strategies and/or exhibiting additional
magnetothermal, photothermal, or radiosensitizing effects are being evaluated and are
combined with other treatment modalities. In this review, we have covered the current state
of the CNS-tumor-targeting nanoparticle space, highlighting the breadth of nanoparticle
types being investigated for this use, the strategies being employed to circumvent the BBB,
and some of the recent advances in combining nanoparticles with unique delivery methods
to overcome the myriad challenges posed by the unique biology surrounding CNS tumors.
Taken together, there is significant merit in the continued investigation and development of
nanoparticles as therapeutic delivery vehicles for the treatment of CNS tumors in order to
translate the successful preclinical investigations into the clinic.
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Abstract: Overcoming the blood-brain barrier (BBB) remains a significant challenge with regard to
drug delivery to the brain. By incorporating targeting ligands, and by carefully adjusting particle
sizes, nanocarriers can be customized to improve drug delivery. Among these targeting ligands,
transferrin stands out due to the high expression level of its receptor (i.e., transferrin receptor) on
the BBB. Porous silicon nanoparticles (pSiNPs) are a promising drug nanocarrier to the brain due
to their biodegradability, biocompatibility, and exceptional drug-loading capacity. However, an
in-depth understanding of the optimal nanoparticle size and transferrin surface density, in order
to maximize BBB penetration, is still lacking. To address this gap, a diverse library of pSiNPs was
synthesized using bifunctional poly(ethylene glycol) linkers with methoxy or/and carboxyl terminal
groups. These variations allowed us to explore different transferrin surface densities in addition to
particle sizes. The effects of these parameters on the cellular association, uptake, and transcytosis in
immortalized human brain microvascular endothelial cells (hCMEC/D3) were investigated using
multiple in vitro systems of increasing degrees of complexity. These systems included the following:
a 2D cell culture, a static Transwell model, and a dynamic BBB-on-a-chip model. Our results revealed
the significant impact of both the ligand surface density and size of pSiNPs on their ability to penetrate
the BBB, wherein intermediate-level transferrin densities and smaller pSiNPs exhibited the highest
BBB transportation efficiency in vitro. Moreover, notable discrepancies emerged between the tested
in vitro assays, further emphasizing the necessity of using more physiologically relevant assays, such
as a microfluidic BBB-on-a-chip model, for nanocarrier testing and evaluation.

Keywords: blood-brain barrier; nanoparticles; porous silicon nanoparticles; BBB-on-a-chip; ligand
density; organ-on-a-chip; nanomedicine; microfluidic model

1. Introduction

Neurological disorders are a global health challenge and the second leading cause of
mortality, with more than 10 million deaths reported globally in 2019 alone [1]. Diseases
associated with neurological disorders, such as Alzheimer’s disease, Parkinson’s disease,
and brain cancers currently affect over 349 million lives, sadly, with no effective treatments
on hand [1-3]. Although pre-clinical research has resulted in the discovery of multiple
promising drug candidates, clinical translation has trailed behind, as the presence of the
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blood-brain barrier (BBB) prevents the delivery of most drugs to the brain [4-6]. The
BBB is a highly efficient physical barrier that consists of endothelial cells and other cells,
such as pericytes and astrocytes [7]. The BBB functions as a vascular hurdle between the
blood and the brain, blocking most blood constituents from entering the brain, as the BBB’s
tight junctions prevent paracellular transport; moreover, pinocytic activity is also very
restricted [8,9].

Several strategies, such as focused ultrasounds [10], implantable reservoirs [11], and
convection-enhanced injections [12], have been reported to help therapeutic molecules cross
the BBB. Nevertheless, these technologies possess several limitations. For example, focused
ultrasounds display limitations with regard to the reproducibility of clinical procedures,
and brain implants are associated with infection risks due to invasive surgical procedures
and the implant materials used [13,14]. On the other hand, nanoparticles are a promising
technology as they promote BBB penetration, and they target diseased regions in the brain
while limiting side effects [15-18]. For example, so-called “sequential targeting interlocking”
nanoparticles were shown to cross the BBB and precisely target brain cancer [19]. This
system was developed using a ligand for the glucose receptor, GLUT1, to promote BBB
transcytosis, and it contained a pH-responsive linker to promote drug payload release in
the acidic tumor microenvironment.

In more general terms, nanoparticles have the potential to cross the BBB when dec-
orated with specific ligands, such as proteins and antibodies, that, upon binding to their
respective receptor, follow the receptor-mediated transcytosis pathway [20]. This pathway
enables more efficient and higher cargo transportation across the BBB compared with other
transport pathways [7,21]. Among others, transferrin, apolipoprotein, lactoferrin, and ra-
bies virus glycoproteins have been studied as BBB-crossing surface ligands due to the high
expression levels of their respective receptors, which are as follows: transferrin receptor,
low-density lipoprotein receptor, lipoprotein receptors, and acetylcholine receptors [22,23].
For example, transferrin receptors are expressed on the endothelial cells of brain capillaries,
with an extracellular receptor concentration of 0.13 fmol/ug cell protein; they are involved
in iron transport to the brain via receptor-mediated transcytosis [24]. This pathway has
been successfully exploited by transferrin-coated nanoparticles [20]. Recent studies show
that transferrin-decorated nanoparticles can also promote a higher cellular uptake in brain
cancer cells [25,26]. However, the nanoparticle surface ligand density differs between
published studies, and it is often not well characterized. For example, a study compared
liposomes with different surface transferrin antibody densities (0.15, 0.3, and 0.6 x 10°
antibodies pm~2), and surprisingly, it was shown that the nanoparticles with the highest
density limited BBB crossing capabilities [27].

In addition, BBB transportation efficiency can be associated with the size of nanopar-
ticles, but the mechanism behind it remains ambiguous. Smaller nanoparticles generally
have greater BBB penetration capabilities compared with larger nanoparticles [28-30]; for
example, 100 nm poly-(lactic-co-glycolic acid) nanoparticles displayed longer blood circula-
tion times and greater BBB penetration capabilities than the larger (i.e., 200 and 800 nm)
nanoparticles in an in vivo mouse study [31]. In contrast, some other studies report that
the size of nanoparticles does not influence their BBB penetration capabilities [27,32,33].
And one in vitro study showed exactly the opposite trend; larger polystyrene nanoparticles
(500 nm) had greater BBB penetration capabilities than smaller nanoparticles (200 nm) [34].

pSiNPs nanoparticles exhibit immense potential as candidates for drug delivery pur-
poses due to properties such as their biodegradability, large surface area for drug loading,
and biocompatibility [35]. Recent studies have also demonstrated the potential of us-
ing pSiNDs for glioblastoma multiforme cancer targeting after crossing the BBB [26,36].
However, a clearer understanding of the optimal nanoparticle size and transferrin surface
content, in order to maximize BBB penetration capabilities, is still required. Therefore, a
systematic comparison of pSiNPs nanoparticular features, such as surface density and size,
with regard to BBB penetration, using well-defined assays, is urgently needed to advance
the development of this drug delivery platform for the treatment of central nervous system
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diseases. Herein, we investigate the optimal surface and size influence of this delivery
system for BBB penetration. Using bifunctional poly(ethylene glycol)-(PEG) linkers (with
either carboxyl or methoxy terminal group), we were able to tune the transferrin density on
pSiNPs. In addition, different sizes of nanoparticles were prepared using a centrifugation-
based size selection method. This pSiNP library was then assessed for their cell association
and cellular uptake by means of flow cytometry and confocal microscopy in 2D cell culture.
Afterward, the pSiNPs’ transcytosis efficiency was investigated using both a static in vitro
Transwell BBB model and a dynamic in vitro microfluidic BBB model (BBB-on-a-chip).

2. Materials and Methods
2.1. Materials

Silicon wafers used for the manufacturing of the nanoparticles were purchased from
Siltronix (Archamps, France). Luminescent cell viability assay and VivoGlo™ Luciferin
were purchased from Promega. Cyanine5 amine (Cy5) was purchased from Lumiprobe. Hy-
drofluoric acid (HF, 49%) was purchased from J. T. Baker (Center Valley, PA, USA). Human
holo-transferrin, undecylenic acid (UA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) hydrochloride, N-hydroxysulfosuccinimide (NHS), 2-(N-morpholino)ethanesulfonic
acid (MES) hydrate, ethanol (EtOH), dimethylformamide (DMF), dichloromethane (DCM),
and triethylamine (TEA) were purchased from Merck (Macquarie Park, Australia). All sol-
vents were of analytical grade. Water (HPLC grade) was obtained with a Milli-Q Advantage
A10 water purification system (Merck Millipore, Bayswater, Australia). «-Carboxyl-w-
amino poly(ethylene glycol) 10 kDa (NH,-PEG-COOH) and methoxy poly-(ethylene glycol)-
amine 10 kDa (mPEG-NH;) were purchased from Advanced BioChemicals (Lawrenceville,
GA, USA). All other chemicals were purchased from Sigma-Aldrich (Macquarie Park,
Australia) unless stated otherwise.

2.2. Methods
2.2.1. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra of all nanomaterials were obtained using a Thermo Scientific Nicolet
6700. A diamond crystal was run in ATR configuration with a 2 mm diamond tip and a
deuterium triglycine sulfate detector. The spectra collected were averaged from 64 recorded
scans with a resolution of 8 cm~!. Background spectra were blanked using air. The data
were processed using OMNIC software (version 7.3).

2.2.2. Transmission Electron Microscopy (TEM)

Bright Field (BF) TEM images were used to measure the nanoparticle size and visualize
its morphological traits. TEM samples were prepared via drop casting the suspended
sample of interest (in either ethanol or PBS) onto copper grids. The samples were examined
using a Philips Tecnai 12 TEM at an operating voltage of 120 kV. Images were recorded
using a FEI Eagle 4 k x 4 k CCD camera. Low dose conditions (<10 e~/ A2) were used to
avoid damage to samples.

2.2.3. Dynamic Light Scattering (DLS)

A Malvern Instruments Zetasizer Nano instrument ZEN3600 was employed with a
4 mW 633 nm HeNe gas laser. An Avalanche photodiode detector measured the back scatter
light at an angle of 173° relative to the angle of the incident light beam. Samples were
dissolved in ethanol or PBS (pH 7.41). A single-use folded capillary cell commercialized by
Malvern Instruments (model DTS 1070) was used for measuring surface zeta potential.

2.2.4. Electrochemical Etching of Silicon Wafer

A highly boron-doped p-type silicon wafer (0.00055-0.001 ) cm resistivity, 6-inch)
was anodically etched in a solution composed of 3:1 (v:v) of 49% aqueous HEF: ethanol. The
etching waveform consisted of a square wave in which a lower current pulse of 0.6 A for
20 s was followed by a higher current pulse of 24 A applied for 0.2 s (the latter used to
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form sacrificial layers). This waveform was repeated for 1000 cycles. The film was then
lifted off from the silicon substrate by applying a current density of 24 A for 60 s in a
solution containing 1:1 (v:v) of 49% aqueous HF: ethanol [37]. The film was then stored in a
desiccator.

2.2.5. Thermal Hydrocarbonization of Porous Silicon Film

The freshly etched pSi film was placed in a ceramic boat into a quartz tube under a
stream of constant N flow at 2 L min~! for 45 min at room temperature (RT). Then a 1:1
Njy-acetylene mixture flow was introduced into the tube at RT for 15 min, with the quartz
tube being placed into a preheated furnace at 525 °C for 14.5 min under a continuous flow
of 1:1 Np-acetylene, followed by 30 s with N; only. After that, the tube was allowed to cool
down to RT under N flow [36]. The thermal hydrocarbonized silicon film was stored in
ethanol and analyzed by ATR-FTIR.

2.2.6. Fractioning of Silicon Wafer by Ultrasonication

The pSi film was shattered via shaking and then transferred into a 15 mm diameter
Pyrex Quickfit glass test tube. The bottom of the test tube was filled with the shattered
pSi film and then topped up with 6 mL ethanol. The mixture was then continuously
ultrasonicated using a QSonica sonifier probe (Model CL-188) at 25% amplitude for 24 h in
an ice bath with ice changed every 8 h. The thermal hydrocarbonized pSiNPs (THC-pSiNPs)
were stored in ethanol [37].

2.2.7. Size Selection and Functionalization of pSiNPs with Undecylenic Acid (UDA)

Size selection was carried out using a bespoke centrifuge-based protocol. First, the
dispersion of nanoparticles was centrifugated at 2000 x g for 15 min, and the supernatant
was collected. This step was repeated once to remove all large nanoparticles. Afterward,
the combined supernatants were centrifugated at 19,000 x g for 45 min to remove the
remains of the sacrificial layers. The remaining precipitates were then redispersed in
ethanol and centrifugated at 3500 x ¢ for 15 min to further narrow the size distribution, and
supernatants were kept. The last two steps were repeated once respectively to improve the
yield of selected medium-sized (170-180 nm in diameter) particles. These are referred to as
the small (S) pSiNPs throughout the manuscript.

The larger pSiNPs (L, around 403 nm diameter) were selected by collecting the pellets
from the first two centrifugation steps (i.e., 2000x g for 15 min), redispersing these in
ethanol, and then collecting the supernatants after centrifugation at 1000x g for 15 min to
remove very large particles.

Afterward, these two size-selected particles were divided into several Eppendorf
tubes and centrifugated at 21,000x g for 10 min to remove ethanol. Pellets were then
dispersed in 2% HF in ethanol for 5 min to remove any oxidation and washed thoroughly
with ethanol three times. Next, the dispersion was transferred into a 20 mL glass vial,
sealed with a rubber septum, and dried under N; flow. Next, 5 mL of undecylenic acid
was prepared in another glass vial sealed with a rubber septum and sparged with N, for
30 min in a warm water bath. The deoxygenated undecylenic acid was then transferred
to the dried particle-containing glass vial via a cannula under N, flow. The nanoparticles
in undecylenic acid were sonicated to redisperse and reacted at 140 °C in an oil bath for
16 h [36]. Afterward, the unreacted undecylenic acid was removed by washing it with
ethanol five times. The UDA-functionalized pSiNPs (UDA-pSiNPs) were stored in ethanol
and analyzed via ATR-FTIR.

2.2.8. Preparation of Cy5-Labeled Transferrin and PEG-Conjugated Nanoparticles

Cy5, bifunctional PEG, and transferrin were all covalently conjugated to the carboxylic
acid groups of the UDA-pSiNPs via EDC/NHS reaction. Briefly, pSiNPs were first washed
three times with DMF to remove ethanol. Afterward, EDC and NHS (concentration of
10 mg/mL DMF) were added directly to UDA-pSiNPs (concentration of 4 mg/mL) with
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final concentrations of 10 mM and 5 mM, respectively. These reaction components were well
mixed and allowed to react for 2 h at RT. After the NHS ester activation, the reaction mixture
was washed with DMF and MES buffer to remove excess EDC and NHS. The activated
UDA-pSiNPs were kept in low protein-binding tubes for direct surface conjugation.

For the two different sizes of NH,-PEG-COOH and transferrin-coated pSiNPs, Tf-
PEG-pSiNPs(S) and Tf-PEG-pSiNPs(L), 3 pL of Cy5-NH, (10 mg/mL in DMSO) and 500 pL
of NH,-PEG-COOH (10 mg/mL) in phosphate-buffered saline (PBS, pH 8) were added to
1 mg of two different sizes of activated UDA-pSiNPs. The mixtures were sonicated for 0.5 h
and agitated for 1 h at RT. Afterward, the reaction mixture was washed three times in DMF
and once in PBS (pH 7.4) to remove any free Cy5 and PEG linker. To conjugate transferrin
to Cy5-labeled nanoparticles, these samples were reactivated with EDC (2.5 mM) and NHS
(1.25 mM) in 500 uL of MES buffer for 20 min at RT followed by two times washing in MES
buffer and once in PBS (pH 7.4). Afterward, 500 pL of transferrin (2 mg/mL) in PBS (pH 7.4)
was added to 1 mg of the reactivated nanoparticles, followed by sonication for 0.5 h and
agitation overnight at RT. The final products were washed four times in PBS (pH 7.4) to
remove unreacted and non-covalently associated transferrin, where supernatants were
collected and measured using a bicinchoninic acid assay (BCA) assay [38] to indirectly
determine the amount of transferrin conjugated onto the nanoparticles.

For two different ratios of NH,-PEG-COOH/mPEG-NH, and transferrin-coated
pSiNPs (Tf-PEG/mPEG(1:9)-pSiNPs(S) and Tf-PEG/mPEG(1:50)-pSiNPs(S), 3 pL of Cy5-
NH; (10 mg/mL in DMSO) and 50 pL or 5 uL NH,-PEG-COOH (10 mg/mL in PBS (pH 8)
and 450 pL or 495 uL of mPEG (10 mg/mL) in PBS (pH 8) were added to 1 mg of activated
UDA-pSiNPs, respectively. The mixtures were sonicated for 0.5 h and agitated for 1 h at
RT. Afterward, these samples were treated using the same procedure in terms of trans-
ferrin conjugation and washing steps as mentioned above in the Tf-PEG-pSiNPs(S) and
T-PEG-pSiNPs(L).

Finally, for mPEG-coated pSiNPs, briefly, 3.6 puL of Cy5-NH; and 500 pL of mPEG-
NH; (10 mg/mL) in PBS (pH 8) were added to 1 mg of activated UDA-pSiNPs followed
by sonicating for 0.5 h and agitating for 1 h at RT. Constantly sonicating and mixing the
sample is the key step to fabricating mPEG-pSiNPs(S). Afterward, the reaction mixture
was washed three times in DMF and one time in PBS (pH 7.4) to remove any free Cy5 and
mPEG-NH,.

To prepare a positive control sample, transferrin-modified pSiNPs (Tf-pSiNPs), the pro-
cedure was followed from the previous report [36]. Briefly, 2.4 pL of Cy5-NH, (10 mg/mL
in DMSO) was added to 1 mg of activated UDA-pSiNPs in 500 uL of PBS (pH 8), sonicating
for 0.5 h and agitating for 1 h at RT. Afterward, these samples were treated using the same
procedure in terms of transferrin conjugation and washing steps as mentioned above in
Tf-PEG-pSiNPs(S) and Tf-PEG-pSiNPs(L).

2.2.9. Cell Culture

Immortalized human brain microvascular endothelial cells (hCMEC/D3) were pur-
chased from Merck. The hCMEC/D3 cell line was maintained with endothelial cell growth
basal medium-2 (EBM-2, Lonza) with supplements of 5% fetal bovine serum (FBS) and
growth factors as previously reported [39]. Cells were cultured on a collagen-coated
(150 pg/mL) T-75 tissue culture flask at 37 °C in 5% CO, in the passage of 28 to 35 accord-
ing to the supplier’s protocol. The cell culture medium was changed every 2 to 3 days
before reaching confluency. The cell culture procedure in the BBB-on-a-chip model was
followed as previously reported [40].

2.2.10. Cell Viability in Contact with pSiNPs

The biocompatibility of modified pSiNPs on the hCMEC/D3 cell line was determined
using a CellTiter-Glo® luminescent cell viability assay (Promega, Alexandria, Australia).
Briefly, hCMEC/D3 cells were seeded onto a 96-well white opaque polystyrene microplate
(Sigma-Aldrich, Macquarie Park, Australia) at a density of 10,000 cells per well and main-
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tained in the cell culture medium for 1 day. Subsequently, cells were treated with different
concentrations (5, 10, 25, 50 ug/mL) of surface-modified pSiNPs. Cells without any treat-
ment were used as control, and each condition was triplicated. After incubating cells for
48 h, a CellTiter-Glo® luminescent cell viability assay was used to evaluate the cell viability.
Briefly, 100 uL of the solution of the assay kit was added to 100 uL of the medium in each
well, and the plates were gently shaken at RT for 15 min. Finally, the luminescence intensity
of each sample was obtained using a PerkinElmer EnSpire multimode plate reader, and
data were expressed as the mean and standard deviation of 3 replicates.

2.2.11. Cellular Association and Uptake of pSiNPs via Flow Cytometry and Confocal
Microscopy

Flow cytometry was used to confirm the cellular association of pSiNPs in hCMEC/D3.
Briefly, hCMEC /D3 was seeded onto a 24-well plate at the density of 1.2 x 10° cells per
well and cultured overnight. The cells were then washed twice in PBS and incubated with
5 ug/mL of Cy5-labeled surface-modified pSiNPs for 1 h at 37 °C supplied with 5% CO,.
Afterward, the cells were washed 3x with PBS to remove any unattached pSiNPs, and
the cells were harvested via trypsin and centrifugation for 3 min at 180x g. The resulting
cell pellets were dispersed in cold PBS and stained with propidium iodide (PI) (5 pg/mL)
for 5 min to assess cell viability. Samples were then analyzed using flow cytometry (BD
FACS Canto II) for Cy5 and PI fluorescence signals. Cellular association percentage was
calculated as the number of cells that displayed fluorescence signals compared to untreated
cells (Cyb negative).

For visualizing the cellular association and uptake, confocal microscopy was used.
hCMEC/D3 cells were seeded onto an 8-well chamber (Ibidi) at the density of 1 x 10° cells
per well and allowed to attach and were cultured for 1 day. The cells were washed twice
in PBS and then treated with Cy5-labeled surface-modified pSiNPs (5 pg/mL). After 1 h,
the wells were washed twice in PBS and fixed in 4% paraformaldehyde (PFA) for 15 min
at RT followed by permeabilization with 0.1% Triton-X-100 in PBS for 5 min RT. The cells
were then washed twice using PBS and incubated with Hoechst 33342 (5 pg/mL, Thermo
Fisher Scientific, Scoresby, Australia) and Alexa Fluor™ 488 Phalloidin (5 pg/mL Thermo
Fisher Scientific, Scoresby, Australia) for 30 min. Afterward, the cells were washed three
times with PBS, and the images were taken using confocal microscopy (Leica TCS SPS,
Leica Microsystems, Macquarie Park, Australia). Fluorophores were excited via 405, 561,
and 647 nm laser lines. The laser powers and gains for each channel were adjusted against
untreated controls to minimize sample autofluorescence.

2.2.12. BBB Transwell Model Preparation for Nanoparticles Assessment

Transwell inserts (3 um pore size, polyester membrane, Sigma-Aldrich, Macquarie
Park, Australia) were first coated with 100 pL collagen-I (Sigma-Aldrich, Macquarie Park,
Australia) in a concentration of 150 pg/mL in the incubator for 1 h and were seeded with
hCMEC/D3 at a density of 1.65 x 10° cells/mL in 200 uL of cell medium. The bottom
compartment was filled with 600 pL of cell medium. The cell culture medium was changed
every two days until a monolayer formed. The transendothelial electrical resistance (TEER)
was assessed every day for 7 to 10 days using a Millicell ERS-2 voltammeter EVOM?2 and
an STX02 chopstick electrode (Merck Millipore, Bayswater, Australia).

FITC-dextran (10 kDa) was used to confirm the BBB integrity formed on the Transwell
culture insert after 7 days. Briefly, 200 uL of FITC-dextran (50 pug/mL) in complete cell
culture media was added to the top compartment with a bottom compartment filled with
600 pL of complete culture media. Inserts were then incubated at 37 °C, 95% humidity, and
5% CO; for 6 h. A 200 pL aliquot was collected every hour to measure FITC fluorescence
signals in the microplate reader, which was replaced with fresh 200 uL of complete cell
culture medium. The concentration of dextran at each time point was calculated using a
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standard curve of dextran. The apparent permeability coefficients (Pgpy), as the indication
of the integrity of BBB, were calculated according to the following equation [41]:

Papp =dC/dt-Vr/(A-C)

where Vr (mL) is the volume of the lower compartment, dC/dt is the slope of the cumulative
concentration of the dextran in the lower compartment over time, A (cm?) is the surface
area of the inset and C (ug/mL) is the initial concentration of dextran that was placed into
the top compartment [34].

To investigate the BBB barrier integrity through examination of the cell surface protein
expression levels, a confluent monolayer of brain endothelial cells was cultured in an 8-well
Nunc Lab-Tek II Chamber Slide System. This confluent monolayer barrier was washed
with PBS twice and incubated with 4% paraformaldehyde (PFA) at RT for 10 min. Fixed
cells were then washed with PBS to remove PFA and permeabilized with 0.2% Triton X-100
in PBS for 10 min. Permeabilized cells were then washed with PBS three times and blocked
with 2.5% BSA for 60 min at RT. After blocking, the cells were washed with PBS three
times and incubated with anti ZO-1 (Cell Signaling Technology, Danvers, MA, USA D6LI1E,
rabbit mAb) (1:100 primary antibody diluted in 2.5% BSA PBS buffer) at 4 °C overnight.
Cells were washed with PBS 2x before the secondary antibody goat anti-rabbit Alexa Fluor
488 antibody (Thermo Fisher, Scoresby, Australia) was added and incubated for 1 h at RT.
Finally, the slides were rinsed with PBS 3, and ProLong Diamond Antifade Mountant
with DAPI (Thermo Fisher, Scoresby, Australia) was added. Samples were cured for 2 h at
RT in the dark and tight junction expressions were imaged using a confocal fluorescence
microscope (Leica TCS SP8, Leica Microsystems, Macquarie Park, Australia).

For assessment of nanoparticle performance in Transwells, on day 7 of monolayer
culturing, diverse types of pSiNPs (50 ng/mL) were incubated at the top compartment (in
200 puL completed culture medium) and the lower compartment was filled with 600 pL
of complete culture media and further incubated at 37 °C and 5% CO, for 48 h. After
that, a 200 uL aliquot was collected from the bottom compartment and measured via the
fluorescence microplate reader for the fluorescence intensity (assessing the Cyb5 signal).
The concentration was determined using a calibration curve of different concentrations
of nanoparticles in the cell medium. The percentage of nanoparticles in the bottom com-
partment was calculated as the fluorescence intensity from the bottom compartment was
divided by the original fluorescence intensity of nanoparticles that were placed in the top
compartment.

2.2.13. BBB-on-a-Chip Model Establishment and Nanoparticles Assessment

The BBB-on-a-chip models were prepared as described previously [40]. Briefly, the
design includes three main channels (blood/brain/medium). Each channel is 500 um
wide, 100 um high, and 2.0 cm in length. An array of microchannels (3 um width, 80 um
length, and 3 pm height) connects the blood channel with the brain channel. Additional
microchannels (50 pm in width, 80 pm length, and 3 um height) are present between the
brain channel and medium channel to facilitate the supply of nutrients.

After cells formed a monolayer in the blood channel, Matrigel (Corning, Mulgrave,
Australia) was added to the brain channel to facilitate visualization of nanoparticles that
cross the blood channel. Three control experiments were conducted before the nanoparticle
assessment. Firstly, after forming a cell monolayer in the blood channel of BBB-on-a-chip,
cells were subjected to immunofluorescence analysis (same procedures as mentioned before
for the Transwell protein expression) using a confocal microscope (Leica TCS SP8, Leica
Microsystems, Macquarie Park, Australia). Secondly, 10 kDa FITC-dextran (25 pg/mL)
was diluted in EBM-2 medium and flowed through the blood channel in cell-seeded chips
and blank chips (without cells seeded) at a flow rate of 5 pL./min using a programmable
syringe pump (Harvard Apparatus, Inc, Holliston, MA, USA.). Afterward, these chips
were subjected to the confocal microscope (Leica TCS SP8, Leica Microsystems, Macquarie
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Park Australia) to quantify the permeation of FITC-dextran to the brain channel. Lastly,
Tf-pSiNPs were diluted in EBM-2 medium to a concentration of 10 pg/MI and flowed
through chips in which the blood channel (previously seeded with cells or left empty).
Afterward, these chips were rinsed with PBS and subjected to confocal microscopy.

To assess nanoparticles in BBB-on-a-chip, nanoparticles and 10 kDa FITC-dextran were
diluted in EBM-2 medium to the concentrations of 10 ng/Ml and 25 ng/Ml, respectively,
and flowed through the blood channel at a flow rate of 5 pL/min using a programmable
syringe pump (Harvard Apparatus) for 4 h. The BBB-on-a-chip models were kept inside
an incubator (37 °C supplied with 5% CO,). After stopping the flow, the chips were
detached from the syringe pump and carefully rinsed with PBS to remove any unbonded
nanoparticles. Afterward, cells in the chips were fixed with 4% PFA, stained with DAPI,
and subjected to confocal microscope (Leica TCS SP8, Leica Microsystems, Macquarie
Park, Australia). FITC-dextran penetration in each sample was assessed. All experiments
were triplicated using independent BBB-on-a-chip. The relative fluorescence intensity
of nanoparticles in the microchannels of chips was further analyzed using Image]J (NIH,
Bethesda, MD, USA) and plotted using GraphPad Prism 7.

3. Results and Discussions
3.1. Preparation of pSiNPs with Various Ligand Surface Densities and Sizes

In brief, the pSiNPs were fabricated as followed. Initially, a multilayered porous silicon
film was prepared through electrochemical etching of a silicon wafer in an ethanolic HF
solution, followed by thermal hydrocarbonization (THC) [36,42]. This surface modification
was conducted to enhance the stability of the pSiNPs and prevent any particle degradation
during in vitro experiments which might complicate data analysis. ATR-FTIR spectroscopy
confirmed the successful THC modification, as demonstrated by the existence of a C-
H stretching absorption band from 2800 to 3000 cm ™! and a Si-C band at 1063 cm ™!
(Figure S1). The THC-modified porous silicon film was then fractured into THC-pSiNPs
through ultrasonication. Two different sizes of pSiNPs, referred to as small (S) and large
(L), were subsequently prepared using a bespoke centrifuge-based size selection protocol.

Transmission electron microscope (TEM) images revealed that THC-pSiNPs(S) had
an irregular, plate-like shape [37], with an average particle size of 199.8 + 40.3 nm in
length and 86.3 £ 12.6 nm in thickness, along with a pore size of 21.8 4+ 5.3 nm. The
average hydrodynamic diameter, as determined via dynamic light scattering (DLS), was
180.9 £ 63.2 nm, with a relatively low polydispersity index (PDI) of 0.11 (Figure S2). The
larger porous silicon nanoparticles, THC-pSiNPs(L), exhibited an average particle size of
427.4 + 144.2 nm in the x-y dimension, 177.6 £ 83.2 nm in the z dimension, and a pore
size of 26.8 £ 7.5 nm. Their average hydrodynamic diameter was 291.6 £ 88.4 nm, with a
PDI of 0.22 (Figure S2). The inconsistency between DLS and TEM measurements can be
attributed to the plate-like shape of the particles.

The surface of the two types of nanoparticles was then modified with functional car-
boxyl groups through hydrosilylation of surface silicon hydride groups with 1-undecylenic
acid (UDA) to generate UDA-pSiNPs (Figure S1) [43]. ATR-FTIR spectra confirmed this
surface modification as demonstrated by the emergence of a C=O band at 1716 cm ! at-
tributed to the carbonyl bond in UDA. Furthermore, more pronounced absorption bands
emerged between 2800 cm ! and 3000 cm ! corresponding to C-H stretching vibrations
from the aliphatic chains in UDA (Figure S1). The UDA modification did not significantly
alter particle or pore size, as confirmed via TEM and DLS (Figure S2).

As shown in Figure 1, UDA-pSiNPs were conjugated with varying ratios of mPEG-
NH; and NH,-PEG-COOH (with an average molecular weight 10 kDa). This conjugation
process aimed to fabricate pSiNPs with distinct surface densities of the functional carboxyl
group. Simultaneously, the pSiNPs were co-labeled with Cy5 fluorophores to enable direct
comparison between the nanoparticles in subsequent assays. Following activation of
the carboxylic groups with NHS, an excess of transferrin was added to ensure maximal
conjugation. This led to the creation of a library of Cy5-labeled PEGylated pSiNPs featuring
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diverse transferrin surface densities. Notably, the larger nanoparticle, pSiNP(L), was only
modified with NH,-PEG-COOH.
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Figure 1. Schematic diagram of fabrication of a nanoparticle library with different transferrin ligand
densities using different ratios of mPEG-NH; and NH,-PEG-COOH.

ATR-FTIR was used to investigate the success of these modification steps
(Figures 2C and S3). For ease of comparison, all spectra were normalized to the Si-C/Si-O
signal (1000-1100 cm™1). After modification with either mPEG-NH2 or NH2-PEG-COOH,
a distinct vibration band appeared at 1100 cm~! (C-O) adjacent to the Si-C/Si-O signal
(1000-1100 cm~1). Moreover, stronger signals from C-H stretching bands in the 2800
to 3000 cm~! range were present too. Compared to mPEG-modified pSiNPs (mPEG-
pSiNPs(S)), the transferrin-modified pSiNPs exhibited more pronounced C=0 amide bands
at 1657 cm~!, indicating the successful conjugation of the amide-rich transferrin (Figure 2C).
Moreover, the absence of the carboxyl C=0 signal at 1716 cm ™! from UDA indicated suc-
cessful amidation of PEG-COOH with transferrin. After transferrin and mPEG-NH2
modification, the edges of these nanoparticles appeared less distinct—suggesting the pres-
ence of an organic coating, i.e., PEG and transferrin (Figures S4 and S5). DLS showed that
the transferrin and PEG-modified pSiNPs(S) maintained a similar hydrodynamic diameter
of around 170.1 £ 55.1 nm with low PDI values ranging from 0.07 to 0.11 (Figure 2A). Con-
versely, the larger nanoparticles (Tf-PEG-pSiNPs(L)) exhibited a hydrodynamic diameter
of 299.3 & 82.8 nm. Importantly, the PEG modification significantly improved the colloidal
stability of the nanoparticles, as UDA-pSiNPs(S) precipitated immediately in water.

The amount of transferrin in different samples was determined indirectly using a BCA
assay, measuring unconjugated transferrin present in the supernatant that was collected
during the washing steps (Figure 2D). The amount of conjugated transferrin for the three
different NH,-PEG-COOH and mPEG-NH; ratios (1:50, 1:9, and 1:0)—represented as
Tf-PEG/mPEG(1:50)-pSiNPs(S), T{-PEG/mPEG(1:9)-pSiNPs(S), Tf-PEG-pSiNPs(S) and
Tf-PEG-pSiNPs(L))—was determined, using the BCA assay, to be 2.10 £ 0.79, 3.83 £ 0.34,
4.92 4+ 0.31, 5.03 £ 0.54 nmol per mg of nanoparticles, respectively. This unit (nmol per
mg of nanoparticles) was used to express the ligand surface density, avoiding potential
inaccuracies arising from attempting to convert it to a number of ligands per nanoparticle
due to the porous and irregular morphology of the pSiNPs. These calculated transferrin
amounts were as expected as the number of functional carboxyl groups available for
transferrin conjugation increased for each sample. Notably, the larger transferrin-coated
nanoparticles (Tf-PEG-pSiNPs(L) displayed a similar transferrin amount (around 5 nmol
per mg of nanoparticles) compared to the smaller Tf-PEG pSiNPs(S), as both particles
possess similar surface areas due to their inherent porosity. The ¢-potential of solely mPEG-
coated pSiNPs was less negative than that of UDA-pSiNPs(S) (—20 mV) due to the neutral
charge of the mPEG linker upon conjugation (Figure 2B). Some residual negative charge
was expected as not all carboxyl groups can react, due to steric hindrance caused by the
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PEG linker (10 kDa). All transferrin-PEG-modified samples also showed slightly negative
surface charges, ranging range from —10 mV to —15 mV. These charges resulted from the
combination of neutral mPEG, the slight negative charge of transferrin, and potentially
remaining surface carboxyl groups, as described above.
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Figure 2. Physicochemical characterization of different surface-modified pSiNPs. (A) Particle hydrody-
namic diameter (z-average) and PDI measurements by DLS; (B) (-potential; (C) ATR-FTIR spectra; and
(D) transferrin quantification of pSiNPs based on BCA assay. Data in (B,D) are shown as mean =+ standard
deviation, N = 3. The two different sizes of pSiNPs are referred to as small (S) and large (L).

3.2. Evaluation of pSiNPs in Brain Microvascular Endothelial Cells

The brain microvascular endothelial cells (hCMEC/D3) were incubated with varying
concentrations of modified pSiNPs for 48 h, followed by assessment using an ATP activity-
based luminescence assay (Figure S5). Across all samples, no significant toxicity was
observed up to a concentration of 50 ug/mkL. At the highest concentration of 50 pug/mL
for some of the pSiNPs samples, a slight decrease in cell viability was noted, ranging from
83.6 £ 12.6% to 89.0 & 1.7%. Furthermore, the permeability of the hCMEC /D3 monolayer
in Transwell assays was not affected after incubation with 50 pg/mL of modified pSiNPs
for 48 h, as determined by their TEER values (described in Section 3.3). Hence, we carried
out all in vitro assays using concentrations no higher than 50 pg/mL.

Confocal microscopy and flow cytometry were used to investigate the interaction of
different surface-modified nanoparticles with hCMEC/D3 cells. It is important to note that
all pSiNP samples exhibited similar Cy5 intensities on a per mass basis, allowing for direct
comparisons in subsequent measurements (Figure S6). The confocal images of particle
association and uptake are presented in Figure 3A. Notably, all transferrin-conjugated
nanoparticles showed higher Cy5 fluorescence signals within the cells compared to solely
mPEG-modified particles. This finding is in alignment with previous reports illustrating the
role of transferrin in nanoparticle association with brain endothelial cells. Our prior study,
for instance, demonstrated that BSA-coated pSiNPs showed a lower cell association than
Tf-coated pSiNPs and that Tf-coated pSiNPs were predominantly taken up via clathrin and
caveolae-mediated endocytosis [44]. Nanoparticle internalization and uptake into the cells
were confirmed by z-stack scanning confocal microscopy (Figure S7). These images showed
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that Tf-PEG-pSiNPs(S) were located within the cells, providing evidence of successful
uptake and internalization.
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Figure 3. (A) Confocal fluorescence microscopy images of hCMEC /D3 cells after incubation with
mPEG-pSiNPs(S), Tf-PEG/mPEG(1:50)-pSiNPs(S), Tf-PEG/mPEG(1:9)-pSiNPs(S), Tf-PEG-pSiNPs(L)
and Tf-PEG-pSiNPs(S) (blue = nucleus, green = F-actin, red = Cy5 in nanoparticles, scale bars = 50 um);
(B) flow cytometry analysis of hCMEC/D3 cellular association of different modified pSiNPs. His-
togram and the geometric mean of Cy5 positive hCMEC/D3 cells by treating different modified
samples. The geometric mean values are shown by mean + sd, N = 3.

Flow cytometry was employed to quantitatively assess the impact of transferrin
surface density on cell association in hCMEC/D3 cells (Figure 3B). All transferrin-modified
nanoparticles presented higher geometric fluorescence mean intensity (GMF) in comparison
to the mPEG-pSiNPs(S) sample, consistent with the observations from confocal imaging.
Furthermore, differences in cell association were discernable among nanoparticles with
varying transferrin surface densities. Although the lowest transferrin surface density;,
Tf-PEG/mPEG(1:50)-pSiNPs(S), displayed only a slightly higher cellular association than
mPEG-pSiNPs(S), Tf-PEG/mPEG(1:9)-pSiNPs(S) (boasting a higher ligand density) showed
a significant increase, approximately doubling the GMF compared to Tf-PEG/mPEG(1:50)-
pSiNPs(S) and mPEG-pSiNPs(S). Interestingly, no further increase in cell association was
observed with the highest transferrin ligand density (Tf-PEG-pSiNPs(S)). This suggests
a non-monotonic positive relationship between the range of transferrin surface density
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and its relative association and uptake for our pSiNP system. It is important to note that
this phenomenon extends beyond pSiNPs; for example, Song et al. reported that higher
ligand densities did not necessarily lead to increased uptake for transferrin-decorated
micelles [45]. In addition, the larger Tf-PEG-pSiNPs(L) exhibited a notably lower GMF than
Tf-PEG-pSiNPs(S) despite a similar transferrin coverage. This difference in GMF indicates
that the size of nanoparticles also plays a critical role in the cellular association and uptake.

3.3. Assessment of pSiNPs Using Transwell Assay

The hCMEC/D3 transcytosis of the pSiNPs was first investigated using a Transwell
model (Figure 4A). This model comprises two compartments, with an hCMEC/D3 mono-
layer cultured on an insert that separates the two compartments. The TEER value, a marker
for BBB barrier tightness, was measured daily to confirm the presence of a confluent mono-
layer (Figure 4B). TEER values reached approximately 10 Q2 x cm? on day 4, increasing to
around 26 Q) x cm? by day 6. Afterward, TEER values remained stable, ranging between 25
and 27 Q) x cm?, comparable to literature values [34]. We also confirmed the presence of the
tight-junction-associated protein, ZO-1, which is mostly expressed at the interface of cell-
to-cell contact [34] (Figure 4C). The integrity of the BBB in the Transwell model was further
assessed using 10 kDa FITC-labeled dextran. This yielded an apparent permeability value
of 2.37 + 0.38 x 10~® cm/s (N = 3) on day 6, consistent with findings in other studies [46].
The TEER values obtained, the expression of ZO-1 protein, and the low permeability of
FITC-dextran collectively affirm the integrity of the BBB formed on the Transwell inserts.
As a control experiment, blank Transwells with inserts devoid of an hCMEC /D3 monolayer
were treated with transferrin-coated pSiNPs to examine nanoparticle diffusion through
the porous membrane without a functional BBB. This control revealed that 69-74% of the
nanoparticles accumulated in the bottom compartment after 48 h, consistent with free
diffusion of pSiNPs across both compartments, considering the volume of the bottom com-
partment accounted for 75% of the total volume. This control experiment also confirmed
that the nanoparticles did not interact with the insert. Consequently, this Transwell model
proved suitable for evaluating the permeability and thus transcytosis potential of the Cy-5
labeled nanoparticle library in an hCMEC /D3 monolayer.
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Figure 4. (A) Schematic representation of a BBB Transwell model that was formed by a monolayer of
hCMEC/D3 cells over an insert with 3 pm sized pores; (B) TEER value of hCMEC/D3 monolayer
over 9 days of culture, N = 3. The TEER value increased over time and reached a plateau on day 6.
pSiNPs were applied to the Transwell insert on day 7; (C) Characterization of ZO-1 expression by the
hCMEC/D3 monolayer (scale bar = 50 um); and (D) percentage of accumulated nanoparticles in the
bottom compartment of the Transwell after applying nanoparticles in the top compartment for 48 h,
N = 3, one-way ANOVA test, * p < 0.1, * p < 0.01, *** p < 0.001. All data are shown by mean =+ sd.
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All five nanoparticle types (mPEG-pSiNPs(S), Tf-PEG/mPEG(1:50)-pSiNPs(S), Tf-
PEG/mPEG(1:9)-pSiNPs(S), Tf-PEG-pSiNPs(S), and Tf-PEG-pSiNPs(L)) were evaluated
using the Transwell assay, and each experiment was done in triplicate. Among these,
mPEG-pSiNPs(S) and Tf-PEG/mPEG(1:50)-pSiNPs(S) displayed the lowest average trans-
port percentage (13.7% and 15.0%) to the bottom compartment. This is in accordance
with them displaying their lowest association in the previous flow cytometry experiment.
Tf-PEG/mPEG(1:9)-pSiNPs(S) and Tf-PEG-pSiNPs(S) both showed higher average accu-
mulations of 24.4% and 23.6%, respectively, with no significant differences between them.

Transferrin-modified nanoparticles can cross the BBB by binding to transferrin re-
ceptors on endothelial cells. This binding initiates a process known as receptor-mediated
transcytosis, which involves three key steps: (i) attachment of protein-coated nanoparticles
to receptors on the endothelial cells, (ii) internalization and sorting of the nanoparticles
within the cell, and (iii) release of the nanoparticles on the other side of the endothelial
cells. Intuitively, one might expect that higher levels of transferrin on the nanoparticle
surface would lead to a greater likelihood of attachment to the cells and BBB crossing. How-
ever, in the Transwell assay, nanoparticles with varying transferrin amounts, specifically,
3.83 £ 0.34 nmol per mg (Tf-PEG/mPEG(1:9)-pSiNPs(S)) and 4.92 £ 0.31 nmol per mg
(Tf-PEG-pSiNPs(S)) presented similar transport levels. This reveals that there may be an
optimal surface ligand density on pSiNPs, and an increase in transferrin surface density on
the nanoparticles might not necessarily increase or could even diminish their penetration
ability across the BBB. This could be caused by several factors: a higher transferrin density
might result in an overly strong affinity to transferrin receptors, potentially preventing
release [47] or possibly inducing lysosomal sorting and degradation, thus preventing trans-
portation [48]. Interestingly, similar trends have been reported in nanoparticle delivery
systems, where an excessively high ligand density hindered BBB penetration [27,49]. For
example, gold nanoparticles with excessively high transferrin density exhibited reduced
entry into the brain parenchyma in mice [49]. Similarly, liposomes with the lowest den-
sity of antibody exhibited comparable low levels of BBB transport as nanoparticles with
the highest density of antibody, while the intermediate-density antibody nanoparticles
exhibited the highest accumulation [27]. Our result demonstrated that the pSiNP delivery
system shares some universal characteristics with other nanoparticles system. Specifically,
an optimal surface ligand density appears crucial for efficient BBB penetration of pSiNPs.

The effect of the pSiNP size on BBB penetration was investigated by comparing
two different sized nanoparticles with comparable ligand density, i.e., Tf-PEG-pSiNPs(L)
(around 420 nm) and Tf-PEG-pSiNPs(S) (around 203 nm). Tf-PEG-pSiNPs(L) presented an
average transport percentage of 17.5 &= 3.9%, while the smaller Tf-PEG-pSiNPs(S) showed
a significantly higher average transport percentage of 23.6 £ 1.4%. This result aligns
with their performance in cellular association and uptake in 2D cell culture experiments,
suggesting that an increase in pSiNP size, while maintaining the same surface ligand
density, can have a detrimental effect on BBB transport. Despite the unique physical
structure of pSiNPs (porous and irregular), this outcome is consistent with observations in
other nanoparticle systems [30,50].

3.4. Assessment of pSiNPs Using BBB-on-a-Chip Model

Although the Transwell assay is commonly used to assess nanoparticle transcytosis
potential, it lacks the presence of hemodynamic shear stress that plays an essential role
in endothelial cell phenotype and function. This factor is essential for achieving a more
accurate physiological representation [51,52]. Moreover, flow conditions also influence
the binding of nanoparticles to receptors and, consequently, cellular uptake [53]. Hence,
we wanted to investigate if this factor would affect the trends observed for our set of
pSiNPs. To address this, a dynamic model known as a BBB-on-a-chip was used to examine
how flow affects the ability of nanoparticles to penetrate the BBB (Figure 5A) [40]. In
the model, two main channels were constructed, representing the “brain” and “blood”
compartments. The blood channel was constructed as a simplified version of the BBB,
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while the brain channel was used to assess nanoparticle penetration. Several validation
experiments were performed to confirm the presence of a confluent physical monolayer on
the chip. First, like the Transwell model, clear protein expression of ZO-1 was observed
at the intercellular junctions of the seeded hCMEC/D3 chips, indicating the presence of
tight connections in the monolayer (Figure 5B). Second, the integrity of the formed BBB
layer was examined using 10 kDa FITC-labeled dextran, with a characteristic permeability
value of 5.61 + 1.48 x 107% cm/s (N = 3) [40]. Confocal microscopy further confirmed
these findings as a much lower dextran fluorescence intensity was observed in the brain
channel of the chips where the blood channel was seeded with cells compared to blank chips
(Figure S8A,B). The average relative fluorescence intensity value (RFU) of randomly selected
regions of interest in the brain channel was four times lower in seeded chips compared
to blank chips (Figure S8C). In addition, we compared the penetration of nanoparticles in
seeded BBB-on-a-chip versus blank chips, and as expected, significantly fewer nanoparticles
were able to cross to the brain compartment in a seeded BBB-on-a-chip (Figure S9).
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Figure 5. (A) Schematic of the BBB-on-a-chip model consisting of two channels. The blood channel
was formed by a monolayer of hCMEC /D3 cells over 3 um microchannels under a fluidic environ-
ment. (B) Characterization of ZO-1 expression by the hCMEC /D3 monolayer (scale bar = 50 pum).
(C) Corresponding RFU of pSiNPs crossing blood channel in BBB-on-a-chip. N > 3, one-way ANOVA
test, * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001. The values are shown by mean =+ sd.

As a quality control measure, all microfluidic chips used for the assessment of the
nanoparticle library were treated with FITC-dextran to ensure the presence of a functional
barrier before experimentation (Figure S8D). Although the overall trend for the nanoparticle
penetration remained consistent with the results from the Transwell assay, some intriguing
differences emerged. mPEG-pSiNPs(S) and Tf-PEG/mPEG(1:50)-pSiNPs(S) again showed
the lowest and second-lowest RFU (i.e., BBB crossing potential) (Figure 5C). In contrast,
Tf-PEG/mPEG(1:9)-pSiNPs(S) presented the highest RFU, followed by T{-PEG-pSiNPs(S)
and Tf-PEG-pSiNPs(L).

The impact of the various transferrin surface densities was more pronounced in the
BBB-on-a-chip model compared to the Transwell assay. For example, a clear increase in BBB
penetration could be observed for nanoparticles with the lowest transferrin ligand density
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(Tf-PEG/mPEG(1:50)-pSiNPs(S)) when compared to mPEG-pSiNPs(S). This increase was
not as apparent in the Transwell assay. Moreover, whereas the Transwell assay showed a
67% improvement in BBB crossing for nanoparticles with intermediate transferrin ligand
density (Tf-PEG/mPEG(1:9)-pSiNPs(S)) when compared to those with low transferrin
ligand density (Tf-PEG/mPEG(1:50)-pSiNPs(S)), the BBB-on-a-chip model demonstrated
a much higher increase of approximately 300%. Of particular interest, in the BBB-on-a-
chip model, nanoparticles with the highest transferrin density, Tf-PEG-pSiNPs(S), showed
nearly a 40% lower BBB crossing potential compared to those with intermediate transferrin
density (Tf-PEG/mPEG(1:9)-pSiNPs(S)). In contrast, these two variants had a similar BBB
penetration in the Transwell assay. This confirms that the highest transferrin density on
the pSiNPs does not necessarily translate to the highest BBB penetration. Notably, this
observation becomes more prominent under the physiologically relevant conditions of the
BBB-on-a-chip model. The observed differences between the Transwell and BBB-on-a-chip
assays may be attributed to the influence of fluid flow on nanoparticle association and
consequent transcytosis. Lin et al. investigated the difference in human aortic endothelial
cellular association with nanoparticles, comparing those with targeted moieties (i.e., platelet
glycoprotein Ibo), to those without, under both flow and static environments [54]. In their
study, the cellular uptake of nanoparticles with targeting moieties was significantly higher
under flow conditions than those without targeting moieties. Similarly, Zukerman et al.
demonstrated that under shear stress, nanoparticles with higher ligand surface coating
density exhibited significantly increased adhesion when compared to nanoparticles with
lower ligand surface densities [55]. However, it is noted that the range of ligand densities
on nanoparticles plays an important role in their cellular association. In some cases, an
excessive number of ligands on the nanoparticle surfaces can hinder their selectivity and
adhesion [56].

The BBB crossing efficacy of the two differently sized pSiNPs (Tf-PEG-pSiNPs(S) and
Tf-PEG-pSiNPs(L)) showed a consistent pattern in both assays (Figure 5C) where the smaller
nanoparticle size exhibited slightly higher BBB penetration than their larger counterparts.
The reason why we did not observe more significant differences between these two pSiNP
sizes in the chips, may be the higher cytoadhesion of larger nanoparticles under flow
conditions [31,57]. Larger nanoparticles tend to adhere and marginate closer to the channel
wall than smaller nanoparticles due to their larger contact area [31,58,59]. However, it
must be noted that size also affects biodistribution. For example, larger nanoparticles are
more likely to be cleared by the spleen and liver, a factor that is currently not replicable
in a dynamic BBB-on-a-chip model [60]. In addition, in vitro models lack other intricate
complexities present in in vivo situations, such as the mononuclear phagocyte system
and the wider immune system. On the other hand, ex vivo models allow a personalized
medicine approach, allowing the study of cells from human pathologies. In general, ex
vivo and humanized in vitro models hold superiority over rodent models [61].

In summary, the BBB-on-a-chip model revealed notable differences in the BBB crossing
efficacy between pSiNPs with varying transferrin surface densities. Specifically, in this assay,
pSiNPs with intermediate transferrin density exhibited the highest penetration efficacy,
suggesting an optimal transferrin level for maximizing the BBB penetration performance
for pSiNPs. The BBB results of the two sizes of pSiNPs are in agreement with the Transwell,
indicating that smaller pSiNPs had a better BBB transportation.

4. Conclusions

PSiNPs were synthesized with two different sizes (average size of 203 and 420 nm)
and decorated with different densities of transferrin by adjusting the ratio of bifunctional
PEG linkers. We evaluated the effect of transferrin density and size on the hCMEC/D3 cell
association and BBB transport of pSiNPs in both static and dynamic models. The results
revealed that the surface density of transferrin on pSiNPs affects their hCMEC/D3 cell
association, where increasing transferrin content from 0 nmol/mg to 3.8 nmol/mg enhances
hCMEC/D3 association. The surface density of transferrin also affects the BBB transport
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of pSiNPs in the static Transwell assay. Here, the intermediate transferrin surface density
showed the highest BBB transport. The use of a dynamic BBB-on-a-chip model resulted
in more pronounced differences between the various surface ligand densities, where the
intermediate transferrin surface density again showed the highest level of BBB crossing.
These findings indicate that there is an optimal transferrin ligand density to maximize
pSINP delivery across the BBB, which could be influenced by their affinity to the transferrin
receptor and underscore the role of flow in nanoparticle assessment. Furthermore, the
smaller pSiNPs showed a consistently higher BBB penetration potential than the larger
pSiNPs in all tested models, indicating that the size of pSiNPs significantly affects their BBB
performance. Overall, our study demonstrated that surface density and size are important
parameters in designing pSiNPs for crossing the BBB. Further in vivo experiments may
provide additional validation of the BBB-on-a-chip results. In addition, the designed Tf-
coated pSiNPs may have potential applications for the improved delivery of hydrophobic
anti-cancer drugs such as doxorubicin and camptothecin to brain cancers like glioblastoma
multiforme.
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Abstract: In recent years, there have been a growing number of small and large molecules that
could be used to treat diseases of the central nervous system (CNS). Nose-to-brain delivery can be a
potential option for the direct transport of molecules from the nasal cavity to different brain areas.
This review aims to provide a compilation of current approaches regarding drug delivery to the CNS
via the nose, with a focus on biologics. The review also includes a discussion on the key benefits of
nasal delivery as a promising alternative route for drug administration and the involved pathways or
mechanisms. This article reviews how the application of various auxiliary agents, such as permeation
enhancers, mucolytics, in situ gelling/mucoadhesive agents, enzyme inhibitors, and polymeric and
lipid-based systems, can promote the delivery of large molecules in the CNS. The article also includes
a discussion on the current state of intranasal formulation development and summarizes the biologics
currently in clinical trials. It was noted that significant progress has been made in this field, and
these are currently being applied to successfully transport large molecules to the CNS via the nose.
However, a deep mechanistic understanding of this route, along with the intimate knowledge of
various excipients and their interactions with the drug and nasal physiology, is still necessary to bring
us one step closer to developing effective formulations for nasal-brain drug delivery.

Keywords: CNS disorders; nasal delivery; biologics; nose-to-brain

1. Introduction

A growing number of central nervous system (CNS) disorders (e.g., caused by infec-
tion, injury, blood clots, age-related degeneration, cancer, autoimmune dysfunction, birth
defects, multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, meningitis, cerebral
ischemia, etc.) are becoming more prevalent due to population growth and increased life
expectancy. This poses a huge threat to patients and their families, as well as to society and
the economy. These disorders require comprehensive treatment, which involves delivering
therapeutics to the brain at appropriate levels to elicit a pharmacological response. How-
ever, despite the major advancements both in neuroscience and drug delivery research, the
administration of drugs to the CNS remains challenging. In general, effectiveness-related
issues arise when drugs cannot cross the blood-brain barrier (BBB). Therefore, currently,
drugs with a low central bioavailability are applied by heavily invasive methods such as
intrathecal and intracerebroventricular injection or by sensitive galenic approaches in oral
dosage forms. Intranasal (IN) administration, on the other hand, serves as an alternative
route for effective delivery to the CNS. It is non-invasive and can use nerve pathways
for nose-to-brain drug transport to provide a fast onset of action, a possible reduction in
systemic adverse effects, and higher bioavailability in the brain. Furthermore, the intranasal
application is convenient for the patients, easier to apply in emergencies, and can save costs
(e.g., reduced burden on trained medical and care staff).
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Over the past decades, there has been significant progress in drug delivery and design
by the pharmaceutical industry. However, areas focusing on the management of CNS
disorders have considerably lagged [1]. The analysis conducted by Kesselheim, Hwang,
and Franklin indicated a decline in CNS drug development since 1990, both in early and
late-stage clinical trials [2]. Several factors, including an inadequate understanding of
requirements for targeted CNS delivery, the complexity of both CNS physiology and dis-
eases, increased drug development times and costs, and the higher risk of clinical failures,
have severely limited the growth of new treatment possibilities for CNS disorders [1,3].
Moreover, the difficulty of poor drug transport across the BBB has been identified as the
primary issue for the under-development of CNS pharmaceuticals [4-6]. It is widely ac-
cepted that most CNS disorders are unmanageable by non-invasive drug therapies because
more than 98% of all potential CNS drugs do not cross the BBB. Therefore, researchers are
now focusing on enhancing the delivery of potential therapeutics, including biomolecules,
to the brain. This review provides a summary of challenges and specific approaches used
to enhance both BBB permeability and drug bioavailability in the brain, with a specific
interest in the use of large molecules (e.g., proteins, peptides, oligonucleotides, antibodies,
steroids, and vaccines) via the possibility of direct nose-to-brain (N2B) drug delivery.

2. Potential of Biologics for the Management of CNS Disorders

The scope of therapeutic biologics to serve as an established first-line treatment of
CNS disorders has rapidly evolved over the last few years because of their vast potential
in managing these diseases. Table 1 highlights some of the biologics and their therapeutic
applications in the treatment/management of CNS disorders.

Table 1. List of biologics for the treatment of CNS disorders.

Therapeutic Moiety Applications in CNS Diseases Ref.
Peptides: Modulate neurotransmitter function, regulate signalling pathways, prevent protein misfolding and aggregation

Insulin Alzheimer’s disease [71
NAP neuropeptide Alzheimer’s disease [8]
Vasoactive intestinal peptide Neuroprotection [9]
Urocortin Alzheimer’s disease [10]
Leucine-enkephalin CNS disorders [11]
i\:{;ﬂ—i d(amino acid sequence CRGGKRSSC) novel peptide Multiple sclerosis [12]
Gly14-humanin Alzheimer’s disease [13]
Oxytocin Autism spectrum disorders [14]
Proteins: Target specific receptors, enzymes, and transporters in the CNS, requlate synaptic transmission, promote cell survival and
differentiation

Neurotrophic factors (NGF, BDNF, CNTE, NT-4) Focal ischemia, neuronal death, traumatic brain injury  [15]

Alzheimer’s disease, stroke, Parkinson’s disease,

Growth factors (IGF-1, TGF-«, FGF, HNGEF, VEGEF, BFGF) epilepsy, traumatic brain injury [15,16]
Erythropoietin Traumatic brain injury [15]
Ovalbumin Neurodegenerative disorders [17]
Nucleic acid-based drugs: Regulate gene expression, modulate RNA splicing, and translation

Mac-1 siRNA CNS disorders [18]
GFP-mRNA luciferase mRNA CNS disorders [19]
Plasmid DNA Neurodegenerative disorders [20]
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Table 1. Cont.

Therapeutic Moiety Applications in CNS Diseases Ref.
499-siRNA or 233-ASO Parkinson’s disease [21]
anti-eGFP siRNA and dsDNA Alzheimer’s disease [22]
anti-ITCH siRNA CNS disorders [23]
siRNA or dsDNA Neurodegenerative disorders [24]
Steroids: Regulate inflammation, protect against oxidative stress, promote cell survival and differentiation

Sex hormone (progesterone, testosterone, oestradiol) CNS disorders [25]
Thyrotropin-releasing hormone (TRH)-peptide Epilepsy [26]
Melanocortin-4 receptor antagonist Neuropathic pain [27]
Antibodies: Target pathogenic proteins, modulate immune responses, promote cell clearance and phagocytosis

aAri};li;boO;;]fglggrﬁZi}cg (TNF-a inhibitory single-chain Fv Parkinson’s disease Alzheimer’s disease, MS [28]
RNA based aptamers CNS disorders [29]
Full-length anti-Nogo-A antibody Ischemic stroke [30]

3. Limitations Associated with Drug Delivery to the Brain

In contrast to other organs in the human body, the functioning of the CNS is distinctly
defined by the presence of physiological barriers known as the BBB and blood—cerebrospinal
fluid barrier (BCSFB) [31]. These physical, metabolic, and transporter-regulated barriers
act to separate the CNS from the peripheral system by protecting it from any external
toxins, stimuli, and foreign substances, including active pharmaceutical ingredients (APlIs).
Furthermore, the BBB maintains the homeostasis of the brain by selectively regulating
the entry/exit of important nutrients, proteins, ions, and metabolites [32,33]. The limited
permeability of the BBB is mainly attributed to its structure, which consists of brain capillary
endothelial cells that are interconnected by tight junctions [34]. Typically, access to the brain
via transcellular or paracellular mechanisms across the BBB is restricted to lipid-soluble
small molecules with a molecular weight of <500 Da [4]. On the other hand, water-soluble
substances with a larger size and positive charge could be transferred to the brain through
alternative pathways such as receptor-mediated /adsorptive endocytosis or via transporter
proteins. However, particularly for APIs, the active efflux transporters in the BBB, such as
P-glycoprotein (P-gp), still pose a major obstacle to their delivery to the brain [35,36]. Also,
the BBB comprises a metabolic barrier containing several enzymes (e.g., cytochrome p450)
with the capacity to alter endogenous and exogenous molecules that could otherwise evade
the physical barrier [37]. Therefore, a proper understanding of the physiological features of
the BBB is important to be able to achieve effective brain transport of therapeutic agents.

As a result, several approaches have been attempted to either bypass or facilitate drug
access across the BBB. These explorative strategies involve:

i BBB disruption that includes the temporary opening of tight junctions to enable pas-
sage through the BBB by optimizing the physio-chemical properties of therapeutic
molecules [38-45].

ii. The use of drug delivery systems (DDS) and brain transport vectors for targeted
BBB passage [46—49].

iii. Developing approaches to exploit various endogenous transport systems present at
the BBB [50-53].

iv. Formulations to utilize alternative transport routes for direct brain delivery that can

exclude the BBB [54-56].

Overall, it is important to develop novel approaches to enhance the delivery of APIs
to the CNS and revolutionize the treatment of CNS disorders to improve patient outcomes.
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Amongst various approaches, intranasal delivery of drugs can be a promising approach to
bypassing the BBB and delivering therapeutics directly to the brain.

4. Intranasal Drug Delivery

Several invasive techniques, including intraparenchymal, intraventricular, and in-
trathecal delivery, have been investigated to establish the direct transport of drug molecules
to the brain [57]. However, these procedures may not be suitable for patients with chronic
illnesses who require long-term treatment due to associated discomfort and the possibility
of reduced effectiveness of the drug. The IN route of administration can provide a fast,
pain-free, and non-invasive option for the delivery of drug substances to the CNS [58].
The large surface area of the nasal cavity and high vascularization of its mucosa can fa-
cilitate rapid drug absorption and fast onset [59]. Not to mention that the IN route also
avoids harsh environmental conditions of the gastrointestinal (GI) tract and the first-pass
metabolism. The possibility to exploit the nerve pathways after nasal administration also
offers the unique opportunity of targeting drugs directly to the brain, making it highly
attractive for the delivery of sensitive biotherapeutics [59].

IN drug delivery is based on the unique physiology of the nasal cavity, which provides
a direct connection between the external environment and the CNS. A simple illustration
of the anatomy of the human nasal cavity is presented in Figure 1.

Olfactory
Nerve
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Nasal . ™ ﬂw o ‘A\
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Figure 1. Illustration of the anatomy of the human nasal cavity (reprinted with permission from
Elsevier) [60].

The details of nasal physiology have been comprehensively covered by various au-
thors [61-66]. Nonetheless, features including the highly vascularized and permeable
mucosal lining of the nasal cavity to allow for the rapid and efficient absorption of drugs
and the availability of the olfactory and trigeminal nerve pathways are important to men-
tion in this context. The olfactory area is directly connected to the brain (especially the
olfactory bulb) via olfactory nerves. Along with this, the respiratory region is supplied with
trigeminal sensory neurons and blood vessels [67]. Through a direct neuronal pathway,
drugs may enter into different regions of the brain, providing a strategy to overcome the
BBB. The exact mechanism of drug transport from the nasal cavity to the brain is still
a topic of discussion, but some authors describe that the presence of transporters both
in the olfactory bulb and respiratory mucosa of the nasal cavity may play an important
role [68-70].
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4.1. Challenges Associated with IN Delivery

There are various challenges associated with the IN delivery of drugs that include limited
size of the nasal cavity, nasal mucus, mucociliary clearance (MCC), and enzymatic degradation
but also changes in the nasal anatomy, e.g., polyps. The mean volumes of the nasal septum
left/right nasal cavity, left/right inferior nasal conchae, and left/right middle nasal conchae are
about 5 cm?, 7.6 cm3, 3.1 cm® and 1.3 cm3, respectively, but gender and age differences can be
statistically significant [71]. Therefore, nasal drug delivery is limited by the applicable volume
of about 150 uL per nostril for adults and is potentially mainly suitable for high-potency drugs.
If the instilled volumes exceed the limited capacity of the nose, the administered preparations
are partially swallowed, or they simply run out of the nose.

Nasal mucus consists of a lower, liquid layer (“periciliary liquid”) that is covered
by a more viscous gel phase and includes a thin layer of surfactant that spreads mucus
all over the epithelial surface. Mucus contains inorganic salts, antimicrobial enzymes,
immunoglobulins, and glycoproteins [72]. It is slightly acidic (pH 5.5-6.5), required for
optimal ciliary clearance, and has limited buffering capacity [73]. The nasal mucus plays
an important role in mediating immune responses to allergens and infectious particles
by trapping them as they enter the respiratory passage [74-81]. MCC is the self-cleaning
mechanism of the airways and a protective process for the lungs in removing inhaled
particles, including pathogens. Within the thin periciliary liquid layer, the cilia (tiny hairs)
beat in a coordinated fashion directed to the pharynx and create motions that drain mucus
from the nasal passage to the throat, where it is swallowed and digested by stomach juices
or removed by blowing the nose. Effective MCC depends on factors such as the number
of cilia, their structure (particularly their height), and especially the quality of the mucus.
On the other hand, particle transport by MCC may restrict the absorption of medication
in aqueous formulations to an estimated 20-30 min. If the formulation irritates the nasal
mucosa, this causes the irritant to be rapidly diluted, followed by increased clearance.

The in vivo clinical or pre-clinical (animal) experiments are particularly challenging
when it comes to IN delivery. For example, the application of mild anesthetics is very
common during IN studies that, in some instances, could result in different brain delivery
and pharmacokinetics due to the activation of the glymphatic system [82,83]. Therefore,
in vivo microdialysis experiments in freely moving animals could be considered in such
cases [84]. Other options, such as laser scanning fluorescence microscopy, positron emission
tomography (PET), and nuclear magnetic resonance spectroscopy (MRS), provide an elegant
option for the evaluation of the distribution of nasally applied drugs with systemic/brain
activity [85,86]. In contrast, traditional immunolabeling procedures require cutting the
sample into thin sections, which restricts the ability to label and examine intact structures.

It is often difficult to estimate the results from publications since the exact galenical
formulation is rarely apparent, information on the duration of the experiment (stability
of the API over time, dosage regimen), and sampling of blood and tissue are limited [87].
Sometimes the test set-up also plays a role if unrealistically large volumes are applied or
the IN formulation is not comparable to that of the oral/IP/SC applications.

The bioavailability of intranasally administered drugs can be greatly affected by
enzymatic degradation, as the nasal mucosa contains a wide spectrum of xenobiotic-
metabolizing enzymes [80,81]. Aldehyde dehydrogenases, cytochrome P450-dependent
monooxygenases, thodanese, glutathione transferases, epoxide hydrolases, flavin-containing
monooxygenases, and carboxyl esterases have all been reported to occur in substantial
amounts in the nasal cavity. These play a major role in the decomposition of actives in the
nasal cavity. For example, oestradiol, testosterone, and decongestants are enzymatically
degraded by cytochrome P450-dependent monooxygenases [26,80]. Although the impact
of enzymatic degradation in the nasal mucosa remains inconclusive, it can be reduced to
some extent either by enzyme inhibitors or by the saturation of enzymes.
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4.2. Strategies to Enhance in Drug Delivery to the CNS

The selection of suitable excipients or formulations is critical for the effective IN
delivery of actives, which becomes paramount for biologics. The hostile environment of
nasal tissue, which is designed to protect the body from pathogens, makes delivery of
complex biologics difficult. However, applications of agents such as permeation enhancers,
mucoadhesive compounds, enzyme inhibitors, and vasoconstrictors can aid in increasing
the efficacy of the IN formulations. As a general requirement, it is a must that an aqueous
IN formulation is safe to deliver with respect to the nasal pH and osmolality. The pH of the
healthy nasal epithelium is 5.5-6.5; a pH lower than 5.5 or higher than 6.5 may cause local
adverse effects and affect drug permeation. The osmolality of the nasal solution should
be 290-500 mOsm/kg; higher values are tolerable for emergencies or single applications,
but isotonic formulations are important for chronic use, and hypotonic solutions should
be avoided [88]. The section below briefly discusses existing strategies for promoting the
absorption of therapeutics through the nasal cavity.

The selective IN permeation of small hydrophilic and lipophilic molecules is usually
achievable, but the same cannot be said for high-molecular-weight actives as the nasal epithelia
serves as a robust barrier for N2B transportation. This limitation can be addressed by increasing
the nasal permeability with a permeation enhancer that can aid the transfer of biologics via
neural or cellular pathways [89,90]. Permeation enhancers open up the tight junctions of the
nasal epithelium either by swelling or by temporarily dissolving the membrane protein [64].
Furthermore, these are also known to improve drug solubilisation, reduce mucociliary clear-
ance, limit enzymatic degradation, and increase the contact time of the drug with the nasal
mucosa [91]. In general, they are classified according to their molecular weight, with linear
or cyclic structures such as thiolated polymers. Low-molecular-weight compounds such as
phospholipids, surfactants, bile salts, and their derivatives, as well as cyclodextrin, polymers
(e.g., chitosan and carbopol), and cell-penetrating peptides (CPP), referred to as high-molecular-
weight compounds, are commonly utilized as permeation enhancers [92-94].

The use of CPPs in particular has gained a lot of attention lately. The permeation en-
hancement mechanisms associated with CPPs are still debated in the literature, but electrostatic
interactions between the positively charged CPPs and the plasma membrane are considered a
possible first step to promote drug permeation [95,96]. The research by Ziegler et al. provided
a complete overview of the cellular absorption efficiency of CPPs [97]. There is also evidence
that CPPs containing unconventional stereochemical forms (D-from instead of L-form) can, on
occasion, provide greater resistance to enzymatic degradation [98]. Therefore, CPPs in such
cases can act as a permeability enhancer and also prevent the drug from enzymatic degradation.
Low-molecular-weight permeation enhancers, on the other hand, are effective owing to their
structural resemblance to the endothelial membrane. These agents can interfere with lipophilic
as well as hydrophilic fractions due to their bipolar structures, thereby disrupting membrane
bilayer integrity and promoting drug absorption [99].

Mucins are a prominent component of nasal mucus, and mucolytics (e.g., N-acetyl-cysteine)
are needed to reduce the viscosity of the bronchial secretions and facilitate penetration of
the drug by breaking disulphide crosslinks between mucin monomers [100-102]. With an
average thickness of 10-15 um, the nasal mucus layer is the upper respiratory tract’s first-line
defensive barrier, hence maintaining a healthy airway and safeguarding the epithelium [103].
Thiol-containing fatty acids such as N-dodecyl-4-mercaptobutanimidamide and 2-mercapto-N-
octylacetamide are reported to increase the mucus-penetrating capabilities of formulations such
as self-emulsifying drug delivery systems (SEDDS) [103]. These formulations were shown to
outperform equivalent SEDDS without thiols in terms of mucus permeation.

Mucoadhesive agents such as pectin, chitosan, and hydroxypropyl methylcellulose
(HPMC) retain the therapeutic agent close to the site of absorption, resulting in a larger
drug concentration gradient at the nasal epithelial membrane and hence increased ab-
sorption [104]. Depending on the functional groups present on the polymer backbone,
mucoadhesives can improve absorption via enhanced nasal drug retention and/or decrease
nasomucosal clearance [105]. Mucoadhesion primarily occurs through hydrogen bonding
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between the mucoadhesive polymer’s carboxylic acid groups and the hydroxyl groups
that characterize mucus glycoproteins in the case of negatively charged polymers such as
polyacrylic acid [106-108]. In addition, cationic polymers with a high density of positive
charges (e.g., chitosan) can also interact with negatively charged mucus glycoproteins via
electrostatic interactions, resulting in enhanced retention of the formulation at the delivery
site. The use of vasoconstrictors (either in conjunction with a nasal formulation or as an
excipient in the formulation) while targeting the olfactory region can also ensure increased
drug concentration in the brain and limit systemic absorption [64].

Nasal mucosa includes a range of enzymes, including monooxygenase, reductase, trans-
ferase, and proteolytic enzymes, which can induce the degradation of drugs and limit their
absorption. Incorporation of appropriate nanocarrier systems, such as polymeric nanoparticles
or lipid-based nanocarriers (e.g., liposomes, solid-lipid nanoparticles (SLNs), nanostructured-
lipid carriers (NLCs), nanoemulsions, lipid drug conjugates (LDCs), self-emulsifying drug
delivery systems (SEDDS), etc.), is known to prevent the enzymatic degradation of drugs in
the nasal cavity [109,110]. Other approaches, including PEGylation, have also been shown
to protect biologics from degradation and can increase the half-life of a drug [111]. However,
it should be noted that sometimes PEGylation might result in unexpected alterations in the
biological activity of biologics. For example, the substrate selectivity of cholesterol oxidase was
noted to change from total cholesterol to high-density lipoprotein (HDL) cholesterol following
PEGylation. Similarly, the PEGylated growth hormone (pegvisomant) exhibited agonistic rather
than antagonistic action compared to the non-PEGylated hormone [112]. So, in these cases, the
protective effect of PEGylation was minimal; hence, this approach requires further investigation
for the nasal administration of biologics.

Polymer-based drug carrier systems include polymeric nanoparticles, colloidal carrier
systems, polymer—drug conjugates, and the application of a smart polymer-based system
such as stimuli-sensitive hydrogels or in situ nasal gels, etc. [113,114]. In recent years, a
number of biodegradable and biocompatible natural (e.g., alginate, chitosan) and synthetic (poly
(lactic-co-glycolic acid) (PLGA), poly (acrylamide), poly (lactic acid) (PLA), poly (lysine), poly
(caprolactone), and poly (acryl cyanoacrylate), etc.) polymers have been investigated to develop
novel carrier systems for controlled and targeted CNS delivery via the nasal route [115-118].

Liposomes, nanoemulsions, lipid nanoparticles, SLNs, LDCs, and NLCs are also exten-
sively utilized for nasal drug administration due to their biocompatibility and biodegrad-
ability [119]. Liposomes have been extensively investigated as carrier systems for therapeu-
tic drug delivery to the brain. Salade et al. showed the use of chitosan-modified anionic
liposomes for ghrelin nasal administration [120]. Similarly, the application of cationic
liposomes instead of a typical solution for IN administration of a model protein (ovalbu-
min) showed increased bioavailability and activity in the brain at a substantially lower
dosage [121]. Nanoemulsion can also be a promising system for N2B delivery because of its
small droplet size, lipophilicity, biocompatibility, low toxicity, and greater permeability. The
nanoemulsions containing zolmitriptan and quetiapine fumarate showed high brain target-
ing efficiency when delivered intranasally [122,123]. SLNs are considered more stable than
liposomes, and because of their smaller size, they can be a viable option for N2B drug deliv-
ery [124]. For example, in one study, levofloxacin and doxycycline SLNs showed improved
AUC and brain concentration compared to the simple nasal solution [124,125]. NLCs
are second-generation SLNs that are characterized by higher drug encapsulation and im-
proved stability. Chitosan-modified NLCs containing glial cell-derived neurotrophic factor
(GDNF) showed improved therapeutic efficacy and resulted in considerable improvement
in the 6-OHDA-lesioned rat model’s behavioral function, indicating a successful delivery
of GDNF to the brain [126]. Efavirenz containing NLCs, when delivered intranasally as
treatment for neuroAIDS, revealed a significant improvement in the drug distribution in
the brain [127]. It is also worth mentioning that devices play a very important role in the
IN delivery and targeting of APIs, but discussion on devices was considered out of scope
for this review. Table 2 outlines the application of various approaches/excipients used in
the IN delivery of APIs to target them to the brain.
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Pharmaceutics 2024, 16, 66

5. In Delivery of Biologics to the CNS

A significant amount of work has been conducted on the suitability of the IN route for
delivering high-molecular-weight therapeutics (e.g., peptides, proteins, nucleic acids etc)
and various neurosteroids [171]. The susceptibility of biologics to enzymatic breakdown
and their limited permeability through the epithelium via transcellular and paracellular
pathways result in poor absorption of biologics from a mucosal site. As a result, they
are often delivered through invasive and painful injections to boost their bioavailability.
However, novel formulations and delivery techniques are being continuously developed to
improve the administration of both small molecules and macromolecular therapeutics [172].
As previously noted, unlike parenteral administration, IN delivery is extremely easy and
convenient for patients, making it particularly appealing for chronic treatments. The
following sections discuss the formulation strategies used in the delivery of biologics in the
treatment of CNS disorders.

The delivery of peptides to the brain has received growing interest in recent decades
due to its pharmacological significance in the treatment of various CNS ailments, including
neurodegenerative diseases, cancer, and ischemic strokes [173-175]. Insulin is one of the
most extensively researched biologics in terms of its effects on the CNS after IN delivery.
One of the earliest studies on peptide delivery to the brain involved the IN administration
of an aqueous solution of insulin that showed pharmacological efficacy but also provided
information on its limited transportation into the brain [176]. Since then, IN administration
of insulin aqueous solutions has been extensively studied in various preclinical and clinical
trials for the treatment of Alzheimer’s disease, mild cognitive impairment, diabetes, insulin
resistance, and Parkinson’s disease, among other conditions.

The impact of excipients and formulation types is very important while developing an
IN-drug delivery system. For example, Kamei et al. studied IN delivery of insulin solution
using L-penetratin and D-penetratin (cell-penetrating, 16 mer peptide). They reported
that the IN administration of radio-labeled insulin with L-penetratin in rats resulted in
higher levels of insulin in the anterior region [177]. This finding was further confirmed
in Alzheimer’s disease model mice, where co-administration of insulin with L-penetratin
resulted in slower memory loss progression than co-administration of insulin with D-
penetratin or with the administration of insulin alone [178]. In another study, Picone et al.
developed negatively charged nanogels constructed of polyvinylpyrrolidone (PVP) that
resulted in enhanced insulin delivery to the brain [179]. Maitani et al. investigated the
permeability of insulin-entrapped liposomes through rabbit nasal mucosa and compared it
with the permeability of insulin solution with/without pre-treatment with sodium glyco-
cholate (GC) [180]. They reported a positive outcome of pre-treatment with GC, especially
for insulin-containing liposomes (i.e., the liposomes penetrated more efficiently following
pre-treatment with GC). Similarly, Morimoto et al. developed polyacrylic acid (PLA) gel
using insulin and calcitonin for IN delivery to the brain [181]. They reported higher insulin
absorption from 0.15 w/v PLA gel than that from 1% w/v gel after nasal delivery in rats,
which could be related to the gel viscosity [181]. A similar study investigated the effects
of putative bioadhesive polymer gels on nasal mucociliary clearance in rat models. The
results showed that all formulations reduced IN mucociliary clearance, increasing the
formulations’ resident duration in the nasal cavity [182].

Pringles et al. used dry insulin powder in deposition trials in rabbits to assess the effect
of deposition patterns utilising different spray devices on insulin bioavailability [183]. The
authors concluded that anterior deposition of the formulation in the nasal cavity results in
maximum insulin bioavailability due to the high degree of surface coverage over the nasal
epithelium. In another study, Nagai et al. investigated the absorption of dry powder insulin
combined with microcrystalline cellulose (MCC) and other cellulosic derivatives, where
MCC was shown to have the largest permeability-boosting impact [184]. It is understood
that MCC could be able to bind with the calcium ions in the nasal epithelium to open up the
tight junctions while temporarily hindering mucociliary clearance due to its mucoadhesive
nature [185].
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In a study conducted by During et al., where they dispersed [Ser(2)] exendin (1-9)
[a glucagon-like peptide-1 (GLP-1R) receptor agonist] in a 10% p-cyclodextrin solution
that is believed to act as a permeation enhancer, peptide solubilizer and stabilizer [186],
an increase in learning and diminished kainic acid-induced apoptosis were observed in
mice, most likely mediated by GLP-1R expression in the hippocampus. Similarly, Banks
et al. investigated the brain distribution of the radioactively labeled GLP-1 antagonist
exendin (9-39) (I-Ex) after IN and IV administrations [187]. An I-Ex solution in phosphate
buffer or normal saline with or without cyclodextrin was utilized in this study. After IN
administration, the results showed that olfactory bulb absorption of I-Ex was substantially
faster than after IV administration, and it increased by roughly 60% when cyclodextrin
was added. Kamei et al. prepared a formulation of exendin-4 with L-penetratin that
resulted in the delivery of the peptide to the hypothalamus and hippocampus after the
IN delivery [135]. These findings indicated that the IN exendin-4/CPP combined with
the supplementary insulin resulted in a therapeutic response against severe cognitive
deterioration in a senescence-accelerated animal model of cognitive dysfunction as tested
via the Morris water maze test [135].

The IN delivery of proteins is equally gathering substantial interest amongst pharma-
ceutical scientists. For example, neurotrophic factors have enormous potential as protein
therapeutics in the CNS, but their use has been severely limited due to delivery issues and
systemic adverse effects. Insulin-like growth factor-1 (IGF-1) is one of the most effective
proteins delivered to the brain via the IN route. Thorne et al. demonstrated that the IN
administration of recombinant human IGF-1, wherein [1?°1]-IGF-1 was dispersed in PBS
containing 0.25% BSA, resulted in substantially higher CNS concentrations of the drug than
the equivalent IV dosage [188]. These studies were among the first to indicate widespread
distribution of a protein inside the CNS, possibly by utilising the olfactory and trigeminal
nerve pathways. Lin et al. [189] demonstrated that IN administration of recombinant
human IGF-1 enhanced neurobehavioral functions, decreased apoptotic cell death, and
boosted the proliferation of neuronal and oligodendroglial progenitors in neonatal rats 1 h
after hypoxic-ischemic brain injury.

The 18 kDa polypeptide growth factor basic fibroblast growth factor (bFGF) exhibits
neuroprotective effects in a variety of brain-related illnesses. In a study conducted by
Zhang et al., bFGF coupled with functionalized Solanum tuberosum lectin NPs (STL-PEG-
PLGA NPs) (120 nm and negative surface charge) was delivered intranasally in an AD
mouse model. The results revealed that the IN administration of NPs increased the AUC of
radio-labeled-bFGF by 1.5 times when compared to the free protein, and the modification
with the targeting ligand enhanced the value of the AUC by up to 3 times more [150]. In an
ischemic rat model, bFGF encapsulated in gelatine NLC (128 nm and negatively charged)
comprising phospholipids, cholesterol, and Poloxamer 118, was evaluated. As compared
to IV, the results showed 1.5 times more protein accumulation in different brain areas, as
well as an improved therapeutic response [190]. The same nanocarrier was employed to
deliver bFGF for PD treatment. The findings revealed high protein levels in various areas
of the brain, including the olfactory bulb and striatum, as well as an improvement in their
therapeutic effect after IN administration in a PD rat model, when compared to free protein
and IV administration of the nanoencapsulated protein [156].

Monoclonal antibodies (mAbs) have received special attention among biologics re-
cently, resulting in a rising number of therapeutic antibodies in clinical trials and even
on the market [191,192]. As of 2021, the FDA had approved 103 therapeutic antibody
drugs including the use of aducanumab (marketed as Aduhelm®) for the treatment of
Alzheimer’s, clearing the path for future research into antibody-based treatments for other
CNS diseases [193,194]. Nevertheless, only a few researchers have looked into IN delivery
of an antibody to the CNS since their high molecular mass (~150 kDa) and polarity prevent
BBB penetration. In a study, a TNF-« inhibitory single-chain Fv antibody fragment (scFv)
(ESBA105) was delivered intranasally through Pz-peptide (4-phenylazobenzoxycarbonyl-
Pro-Leu-Gly-Pro-DArg) in mice [195]. The addition of a penetration-enhancing peptide
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to the formulation increased the antibody distribution to the olfactory bulb and cerebrum
while reducing systemic exposure. Similarly, anti-TRAIL antibodies adsorbed onto the
surface of PLGA and NLC NPs were shown to swiftly and efficiently reach the CNS in mice
following IN delivery. Another example includes the delivery of active-containing PLGA
NPs coupled with mAb anti-EPH3 and trimethyl chitosan coating [196]. This strategy is
based on the anti-EPH3 antibodies’ ability to target a membrane receptor that is overex-
pressed in the stroma and vasculature of gliomas. In a glioma rat model, the NPs were
loaded with temozolomide and delivered intranasally. Although the antibody in this case
is effectively used as an excipient, it still suggests that the nasal route can be suitable for the
delivery of large molecules. Fluorescence imaging revealed that NPs functionalized with
anti-EPH3 antibodies accumulated in the brain more than non-functionalized NPs. These
results suggest that the IN route can be an excellent, simple, and effective non-invasive
method in the treatment of CNS disorders such as AD [197].

The IN route has been similarly studied for the delivery of nucleotide-based drugs.
The importance of oligonucleotide therapy in the treatment of chronic inflammatory res-
piratory diseases is comprehensively discussed in a review published by Mehta et al
where they also emphasised the importance of delivery routes including nasal admin-
istration [198]. Many investigations have employed the olfactory pathway to transport
oligonucleotides or oligonucleotide-loaded nanoparticles [199-207] to the brain. Current
research has concentrated on cell-penetrating peptide (CPP)-based delivery methods for the
treatment of neurodegenerative illnesses, which have significant transmembrane capabili-
ties and tremendous therapeutic potential [208]. For example, CPP Tat linked to ethylene
glycol-polycaprolactone copolymers (mPEG-PCLTat/siRNA nanomicelles) when delivered
intranasally showed superior siRNA targeting to the brain while reducing systemic toxic-
ity [199]. The findings suggested that mPEGPCL-Tat has a role in delivering greater levels
of siRNA to the brain via a non-invasive IN route using the trigeminal and olfactory nerve
pathways. The results also indicated that the findings might be used in the treatment of
persistent neuropsychiatric illnesses, brain tumors, and cerebral infarction. Similarly, in a
study by Yang et al., a cell-penetrating peptide (DP7-C) encapsulated with hyaluronic acid
(HA) was developed to create multifunctional core-shell structure nanomicelles (HA /DP7-
C) [200]. To test its efficacy in glioma, siRNA was encapsulated within the nanomicelles
and delivered intranasally to rats. In the in vitro studies, the nanomicelles demonstrated
high cell uptake and minimal cytotoxicity. In vivo investigations revealed that IN delivery
of the HA /DP7-C siRNA reached the CNS via the trigeminal nerve route within hours.
Moreover, higher accumulation was seen near the tumor site, which might be explained by
the interaction of HA with the hyaluronate receptor (CD44). The effective administration of
an anti-glioma siRNA in GL261 tumor-bearing mice resulted in tumor growth suppression
and increased survival time. Moreover, toxicology testing on rats revealed no harmful
effects on the trigeminal nerves or nasal mucosa; hence, it could be concluded that the
HA /DP7-C could be a potential delivery system for siRNA delivery via the IN route for
glioma treatment.

Nowadays, antisense nucleotides (ASOs) have gained prominence in the treatment of
a variety of illnesses, including neurodegenerative and neuromuscular disorders [201]. But
still, the clinical effectiveness of ASOs is limited by their fast clearance and vulnerability
to nucleases [202]. In a study, using the emulsification solvent evaporation process, nasal
mucoadhesive microparticles were formulated for the delivery of phosphorothioate ASO
(PTO-ODNSs) [209]. PTO-ODN microparticles were either coated with the mucoadhesive
polymer polycarbophil-cysteine (PCP—Cys) or with unmodified PCP and reduced glu-
tathione (GSH). They showed slower clearance from the nasal cavity, a longer contact time
with the nasal mucosa, high stability, better ASO penetration, and controlled release. The
nano/microparticles resulted in a 2.2-fold increased absorption from the nasal mucosa,
suggesting their suitability as carriers for IN delivery of ASOs. Vetter et al. investigated the
role of thiolated polycarbophil as a multifunctional adjuvant in the IN administration of
ASOs [210]. They found that the ASO uptake from the nasal mucosa increased by 1.7-fold

132



Pharmaceutics 2024, 16, 66

in the presence of 0.45% thiolated polycarbophil and 0.5% glutathione. These findings sug-
gested that thiolated polycarbophil/GSH might also be a viable excipient for nasal delivery
of ASOs and useful in enhancing transport across the nasal mucosa without affecting its
morphology.

Neurosteroids, generated in the glial cells and neurons in the CNS, are powerful
endogenous neuromodulators and have been found to have diverse functions in the
CNS [211,212]. Sex hormones such as progesterone, testosterone, and oestradiol have
been reported to have specialized functions in normal or pathological brain function, such
as impacts on cognition, anxiety, depression, appetite management, emotion, motivation,
and motor abilities [25,213-223]. There is substantial evidence that these steroids are ab-
sorbed into nasal mucosal capillaries and subsequently transferred from venous circulation
through the BBB into the brain, but a portion of the dose is delivered straight to the brain,
circumventing the BBB upon IN administration. As a result, after deposition into the nose,
the relative concentrations of these steroids in particular brain areas (e.g., olfactory bulb)
closer to the nasal cavity were found to be greater [213,214].

Pregnenolone, the precursor of neuronal progesterone, is acquired from the circulation
or by local de novo synthesis from cholesterol and is then converted to progesterone by
3-hydroxysteroid dehydrogenase [25,213,214]. In research conducted by Ducharme et al.,
radio-labeled pregnenolone and progesterone administered intranasally in an oleogel for-
mulation (a viscous castor oil mixture, MetP Pharma AG, Emmetten, Switzerland) appeared
to target the brain more efficiently than IV treatment in CD-1 mice [215]. Pregnenolone-
induced memory improvement and anxiety reduction associated with progesterone in-
dicated that therapeutic amounts of neurosteroids were achieved in the brain following
IN administration using these formulations. Similarly, IN administration of progesterone
(0.5, 1.0, or 2.0 mg/kg) using proprietary MetP Pharma oleogel, to male Wistar rats (5 pL
each) resulted in an immediate substantial rise in dopamine levels in the basolateral amyg-
dala and a delayed significant increase in the neostriatum. Based on the findings, the
authors concluded the potential of progesterone in increasing dopamine levels in the brain.
Another study developed oestradiol and progesterone formulations by dissolving them
in ethanol with randomly methylated (3-cyclodextrin (RAMEB) (molar ratio 1:2) to form
inclusion complexes to improve their solubility [217,218]. To achieve the final oestradiol
and progesterone formulations, ethanol was evaporated under a moderate nitrogen stream
(50 °C), and the inclusion complexes were dissolved in sterile saline. Two percent (w/v)
of oestradiol and 9% (w/v) of progesterone formulations attained Cpax levels in plasma
and CSF within 15 min after IN administration in rats. Similarly, Wang et al. used the
microdialysis method to investigate the absorption of oestradiol in rats using formulations
based on RAMEB inclusion complexes [219]. The results showed that oestradiol was carried
into CSF via olfactory neurons, indicating a direct transport pathway from the nose to CSE.

Testosterone is an endogenous steroid that has essential functions in both peripheral tissues
and the CNS. IN administration of testosterone in CD-1 mice using Noseafix® (patented gel
formulation) resulted in brain targeting, especially in the olfactory bulb, hypothalamus, striatum,
and hippocampus [220]. Silva et al. delivered testosterone intranasally to anesthetized male rats,
and its effects on the activity of dopaminergic and serotonergic neurons were examined. Testos-
terone treatment using proprietary MetP Pharma oleogel in both nostrils of Wister rats resulted
in increased levels of dopamine and serotonin in the neostriatum and nucleus accumbens. Based
on these findings, the authors concluded that IN testosterone delivery is more effective in reach-
ing the brain than the subcutaneous route and may be used to activate the central dopaminergic
and serotonergic systems. In addition, Zang et al. reported that IN administration of testosterone
dissolved in sesame oil enhances mobility, exploratory activity, and motor and grooming behav-
ior in rats. In rats, intranasally delivered allopregnanolone at a concentration of 16 mg/mL in an
aqueous solution containing 0.9% NaCl and 40% sulfobutylether-f3-cyclodextrin protected rats
against seizures without inducing behavioral adverse effects, indicating direct N2B transport
with preferential transport to seizure-relevant brain regions [223]. Table 3 summarizes various
biologics used for direct N2B delivery.
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6. Nasally Administered Biologics Currently on the Market and in Clinical Trials

Despite the success of N2B delivery at preclinical and sometimes clinical levels, screen-
ing of the drug base bank reveals a limited number of successfully marketed biologics,
as shown in Table 4. A few decades ago, the majority of marketed medications were
hormones, marking the first milestone in biologic nasal delivery. For example, the peptide
buserelin (gonadotropin-releasing hormone (GnRh) analogue) is delivered nasally to treat
hormone-dependent metastatic prostate cancer. It is quickly broken down completely in
the digestive tract when taken orally and has a bioavailability of 2-3% when administered
intranasally—at least in the current formulation. The IN bioavailability of buserelin is also
substantially lower compared to subcutaneous injection (70%), but that is still effective
against advanced prostate cancer and endometriosis [268]. Desmopressin, an antidiuretic
hormone, is sold under the brand names Minirin™, Ddavp™, Noctiva™, Octostim spray™,
and Stimate™ for the treatment of nocturnal enuresis and central cranial diabetes insipidus.
The bioavailability of desmopressin following nasal administration is 10-20 times that of
oral administration [269]. Glucagon is a peptide hormone that is administered intramuscu-
larly to treat type 1 diabetes in youth. The bioavailability of glucagon nasal powder with
the absorption enhancer dodecylphosphocholine was equivalent to that of an intramuscular
glucagon injection [270]. Both intramuscular and IN (Bagqsimi™) formulations of glucagon
result in similar pharmacokinetic profile (reaching Cmax with 5 min). Nafarelin, commonly
known as Synarel™, is a IN GnRH agonist spray that is used to treat endometriosis and
early puberty [271]. It is also used to treat uterine fibroids, to control ovarian stimulation
during IVFE, and as part of transgender hormone therapy. IN salmon calcitonin (Miacalcin™
or Fortical™) is a peptide approved by the FDA for the treatment of osteoporosis in women
over the age of 50 [272]. Table 4 lists intranasally administered biologics available on the
market.

Table 5 lists the current status of clinical trials using biologics for the N2B delivery for
several CNS disorders.
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7. General Comments and Concluding Remarks

N2B delivery is a non-invasive, convenient, and patient-friendly route of drug ad-
ministration that has the potential to provide a fast onset of action with accurate drug
targeting and reduced systemic side effects. Moreover, it can provide the added advan-
tage of transporting the drug into the brain directly by avoiding the BBB. However, the
clinical translation of IN formulations still has some way to go. N2B delivery has numer-
ous limitations, including mucociliary clearance, enzymatic degradation, and possible
drug/formulation-related mucosal toxicity and neurotoxicity, that limit its potential uptake
by the pharmaceutical industry. There are formulation-specific problems (e.g., availabil-
ity /suitability of excipients, stability, scale-up, etc.), which can make it less attractive in
comparison to other well-established routes. Although options to address some of these
issues are already available, concerns remain. For example, the application of the nanopar-
ticles in IN formulations requires long-term biosafety data. Although most nanoparticles
for IN delivery are formulated with well-studied natural or biocompatible (PLGA, PCL,
etc.) polymers or lipids, the impact of other components in the formulation is frequently
ignored. For instance, the long-term safety and impact of lectins on the nasal mucosa
from formulations designed for chronic therapies are still understudied, which needs to
be established for these bioligands to be accepted by scientists and industry. Similarly, the
evidence available on the biocompatibility and toxicity of inorganic nanoparticles in IN
formulations is at best controversial, which limits their application as viable carriers in N2B
drug delivery. Moreover, the fate of nanoparticles, especially in long-term therapy, needs
careful attention, as their accumulation in the brain or circulation in extracellular fluids
would not be desirable.

Another significant challenge in N2B drug delivery originates from the limited under-
standing of the spatial distribution of drugs in the brain tissue upon application. Although
direct routes involving neuronal pathways (e.g., olfactory and/or trigeminal nerve systems)
and indirect absorption via vasculature and lymphatic systems are commonly proposed,
the exact mechanisms of drug absorption are anything but fully established. A thorough
understanding of these routes and whether one or various mechanisms contribute to drug
transportation simultaneously needs to be established for the successful development of
IN formulations. Another challenge in establishing IN delivery as a major platform is the
availability of in vivo models. The use of rodents is widespread while studying IN delivery,
but anatomical differences between human and rodent noses can make pre-clinical results
difficult to translate. Although progress has been made in developing fluorescent probes,
imaging techniques, and in vitro/in vivo models, a concerted effort is still required to gain
further understanding of these mechanisms.

Mucociliary clearance is also a major challenge in the nasal administration of applied
formulations. It is difficult to resolve this via traditional formulations such as sprays.
Hence, formulators need to explore novel ways that can increase the residence time of
the formulation within the nasal cavity. The application of bioadhesive hydrogels or
oleogels can rectify this to a certain extent. In situ gel-forming formulations can allow
easy application and enhance the retention of the formulation without needing highly
specialized delivery devices. However, the suitability of excipients in the IN delivery once
again needs to be established to increase the available options.

Also, in numerous instances, the drug reaching the CNS can be very small compared
with the amount of drug applied in the nasal cavity. The major issue with N2B delivery is
the difficulty in reaching the olfactory region and then limited absorption (for peptides and
protein-based drugs) once it has reached there. The application of absorption enhancers
and mucoadhesive polymers can help in addressing these challenges, but their long-
term toxicity in chronic nasal therapy remains unexplored. It is important to establish
this before new products are made available for the N2B delivery of drugs that are not
readily absorbed across the nasal mucosa. Similarly, other strategies, including charge
neutralisation, solubilisation with additives, and stealth approaches to evade immune
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clearance, also need to be investigated specifically for their application in N2B delivery
systems.

The outlook for N2B drug delivery in the pharmaceutical landscape is marked by both
challenges and promising advancements. While hurdles exist, ongoing studies are antici-
pated to address limitations and contribute to a better understanding of the mechanisms
associated with this route of drug delivery. We believe that the focus of future efforts in
this area will be on elucidating the mechanisms involved in drug delivery from the nasal
cavity to the brain, with an emphasis on the importance of properly designed formulations.
The choice of excipients, along with their acceptance by the pharmaceutical industry and
regulatory authorities, would allow formulators to work in a wider space, which would
help to tune current approaches and develop novel delivery platforms.

This review discussed the challenge of delivering pharmaceutical actives, especially
molecules such as peptides and proteins, to the brain while circumventing the BBB. The
N2B route can be highly promising where the application of nanocarriers, targeting ligands,
and mucoadhesive agents can assist drug transport through the nasal mucosa and pro-
mote delivery to the brain. The current landscape of N2B drug delivery research reveals a
substantial concentration of small-molecular-weight drugs, along with some peptides and
proteins, at the preclinical stage. However, the translation of these promising preclinical
findings to clinical applications has been notably limited, encompassing only a few specific
types of drugs. The bottleneck appears to stem from challenges associated with finding
appropriate excipients, moving laboratory-level formulations to large-scale production,
the availability of suitable animal models, and ensuring drug uniformity and stability in
formulations. There is no doubt that the ongoing development of formulation technology
and our improved understanding of the excipients will yield the development of novel
strategies for N2B drug delivery that can offer potential solutions to the longstanding chal-
lenges associated with delivering high-molecular-weight drugs to the brain. Nonetheless,
N2B delivery, especially for biologics, is still underexplored, even using currently available
approaches. Undoubtedly, an intensified approach to expanding and clinically applying
available delivery strategies to a wider array of drugs is needed, considering the various
advantages that this route offers. There are a number of small-to-large molecular-weight
drugs currently in clinical trials, which is encouraging, and it provides an optimistic outlook
for the N2B delivery of the pharmaceutical actives. It can be anticipated that the ongoing
advancements in formulation technologies and excipient availability will pave the way for
a more diversified and clinically impactful N2B drug delivery approach in the near future.
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