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Abstract

The blood-brain barrier (BBB) has been a great hurdle for brain drug delivery. The BBB in healthy
brain is a diffusion barrier essential for protecting normal brain function by impeding most
compounds from transiting from the blood to the brain; only small molecules can cross the BBB.
Under certain pathological conditions of diseases such as stroke, diabetes, seizures, multiple
sclerosis, Parkinson’s disease and Alzheimer disease, the BBB is disrupted. The objective of this
review is to provide a broad overview on current strategies for brain drug delivery and related
subjects from the past five years. It is hoped that this review could inspire readers to discover
possible approaches to deliver drugs into the brain. After an initial overview of the BBB structure
and function in both healthy and pathological conditions, this review re-visits, according to recent
publications, some questions that are controversial, such as whether nanoparticles by themselves
could cross the BBB and whether drugs are specifically transferred to the brain by actively targeted
nanoparticles. Current non-nanoparticle strategies are also reviewed, such as delivery of drugs
through the permeable BBB under pathological conditions and using non-invasive techniques to
enhance brain drug uptake. Finally, one particular area that is often neglected in brain drug delivery
is the influence of aging on the BBB, which is captured in this review based on the limited studies in
the literature.
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Introduction

Brain diseases, such as central nervous system
(CNS) disorders and brain cancers, are some of the
most prevalent, devastating and yet poorly treated
diseases. The global drug development for brain
diseases has to grow rapidly in the next 20 years as the
populations of seniors and patients with CNS
disorders are increasing. However, drug development
for brain diseases has the poorest success rates
compared to other therapeutic areas. The time for
developing CNS drugs is normally much longer than
for non-CNS drugs. Clinical trials of CNS drugs
become challenging because of the complexity of the
brain, side effects and the impermeable blood-brain
barrier (BBB) [1]. In addition to the complexity of

brain diseases, the lack of efficient technologies to
deliver drugs across the BBB hinders CNS drug
development. = Both  small molecules and
macromolecules are investigated as effective
therapeutic agents to treat various brain diseases [2].
However, only small molecules that are lipid soluble
and also have a molecular weight < 400 Da can cross
the BBB; most macromolecules cannot penetrate the
brain endothelium. This physiological hurdle of the
BBB stops 95% of molecules for drug development.
Recently, studies have demonstrated that the BBB is a
dynamic interface controlling entry of substances into
the brain from the blood [3]. These advances
emphasize the need for reconsidering some concepts
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on brain drug delivery, and also reveal great
opportunities for new strategies to deliver drugs into
the brain.

This review discusses recent development in the
understanding of the BBB and its disruption in
disease conditions. It focuses on new strategies that
have been investigated to deliver therapeutic and
diagnostic agents to the brain in the past five years.
Furthermore, the influence of aging on the BBB is
reviewed and discussed.

General background on the blood-brain
barrier

Blood-brain barrier in healthy brain

The BBB is a diffusion barrier essential for the
normal function of the brain, which impedes the
entrance of substances from the blood to the brain to
maintain brain homeostasis. Brain microvascular
endothelial cells (ECs), pericytes, astrocytes, tight
junctions (1Js), neurons, and basal membrane
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construct physically tight brain capillaries in the BBB
(Figure 1) [4, 5]. The brain capillary ECs do not have
fenestrations, which limits the diffusion of small
molecules and proteins. Interendothelial junctions
link the ECs to a continuous barrier, severely
restricting the penetration of water-soluble
substances. Pericytes, astrocytes and basal membrane
surround the ECs and finally form the impermeable
BBB. Additionally, efflux transporters are located in
brain capillary ECs, which are further obstacles
against substances entering the brain. The
permeability of the BBB is mainly controlled by
interendothelial junctions that are protein complexes
such as adherens junctions, TJs, and gap junctions [6].
Adherens  junctions primarily regulate the
permeability of the endothelial barrier. TJs play a vital
role in sustaining the permeability barrier of epithelial
and ECs, which control tissue homeostasis [7]. Gap
junctions, composed of 6 connexin molecules, direct
electric and chemical communication between ECs
[5]. Instead of having a static structure, the
components of the BBB continuously
adapt in response to  various
physiological changes in the brain [3, 6].

Molecules cross the BBB by a
paracellular pathway (between adjacent
cells) or a transcellular pathway
(through the cells). For the paracellular
pathway, ions and solutes utilize
concentration gradients to pass the BBB
by passive diffusion. The transcellular
pathway includes different mechanisms
such as passive diffusion, receptor-
mediated transport and transcytosis.
Overall, passive diffusion is a non-
saturable mechanism dependent on the
physicochemical properties of the
molecule. The physicochemical factors
that influence BBB permeability include
molecular  weight, charge, lipid
solubility, surface activity and relative
size of the molecule [2]. Small lipophilic
molecules such as carbon dioxide cross
the BBB by passive diffusion through a
transcellular pathway. BBB permeability
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FIGURE 1. The blood-brain barrier (BBB) is composed of brain microvascular endothelial cells,
pericytes, astrocytes, tight junctions, neurons, and basal membrane. lons and solutes utilize
concentration gradients to pass the BBB by passive diffusion through the paracellular pathway
between adjacent cells. The transcellular pathway includes different mechanisms such as passive
diffusion, transporters and transcytosis. Efflux transporters, e.g., P-glycoprotein (P-gp), also influence
BBB permeability. Adapted with permission from reference [5] under the Creative Commons

———————————————————————————————————————————————————————— | P-glycoprotein

Attribution License. Abbreviations: BBB: blood-brain barrier; P-gp: P-glycoprotein.

can also be influenced by physiological
factors such as efflux transporters (e.g.,
(P-gp)),  enzymatic
activity, plasma protein binding and
cerebral blood flow [8]. Hydrophilic
molecules such as proteins and peptides
enter the brain through specific and
saturable receptor-mediated transport
mechanisms such as glucose transporter-
1 (GLUT-1), insulin transporter and
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transferrin  transporter [9]. These endogenous
transporters are expressed at the luminal and
abluminal EC membranes. Among these transport
mechanisms, receptor-mediated transcytosis has been
extensively studied to deliver drugs into the brain
[10]. A  Dbetter understanding regarding the
mechanisms of passage across the BBB will foster the
development of new strategies for delivery of drugs
into the brain.

Blood-brain barrier disruption in certain
pathological conditions

The BBB is disrupted under various pathological
conditions of diseases such as stroke, diabetes,
seizures, hypertensive encephalopathy, acquired
immunodeficiency syndrome, traumatic brain
injuries, multiple sclerosis, Parkinson’s disease (PD)
and Alzheimer disease (AD) [11]. In certain
pathological conditions, remodeling of the protein
complex in interendothelial junctions is an important
reason for the BBB breakdown [6]. For example, the
BBB becomes hyper-permeable to macromolecules
during ischemic stroke. Shiraishi et al. compared
Gadolinium micelles (Gd-micelles) and Gd-DTPA
magnetic resonance imaging (MRI) contrast agents in
rats following intravenous injection. They observed a
stronger contrast signal from Gd-micelles in the
ischemic hemisphere compared to Gd-DTPA,
indicating the hyper-permeable BBB in ischemic
conditions [12]. Albumin, a large protein molecule, is
an indicator for studying BBB leakage since it rarely
crosses the healthy BBB. FITC-albumin was observed
in the brain in early and late disease stages of
Huntington’s disease in a R6/2 mouse model,
indicating BBB disruption under these conditions [13].
In multiple sclerosis, loss of organization of junctional
molecules in cholesterol-rich cell membrane regions
contributes to the increased BBB permeability [7].
Moreover, BBB permeability can be significantly
changed by disrupting adherens junctions [14]. Thus,
it has been confirmed that junctions are disrupted
and, consequently, the BBB becomes permeable in
some diseases. However, to date, the magnitude and
time frame of BBB disruption in each disease is
incompletely  understood because of many
limitations. For instance, the transient or chronic loss
of BBB permeability is consistently observed in
multiple sclerosis. Although BBB disruption could be
visualized in vivo by injection of a Gd contrast agent,
MRI scanning may underrepresent the overall extent
of BBB disruption. On the other hand, BBB disruption
is associated with disease complications. In the case of
AD, vascular dementia and AD are normally
comorbid. With many conflicting data, it is kind of
agreed that the increase in BBB permeability in some

AD patients is caused by vascular dementia, but not
in pure AD alone [15]. Taking into account the
complexity of processes in CNS diseases, studies on
BBB disruption in various diseases are still crude to
this day.

Blood-brain tumor barrier

Gliomas are the most common primary brain
tumors. To match their quick growth and migration,
brain tumor cells resemble the BBB at early stages.
When tumor cells reach a certain level, the BBB is
damaged. As a consequence, the blood-brain tumor
barrier (BBTB) is formed by new blood vessels (brain
tumor capillary) and is distinct from the BBB. BBTB
permeability in glioblastomas is high in bulk tumor
areas, but slight or null in peripheral regions [16].
Thus, the combination of the BBB and the BBTB form
a major barrier for brain tumor drug delivery.
Strategies that are applied to overcome the BBB,
including opening TJs by a hyperosmotic solution of
mannitol or a compound (e.g., bradykinin), inhibiting
efflux drug transporters, and receptor-mediated drug
delivery systems, may also be exploited to selectively
enhance drug delivery to brain tumors. In addition to
passing the BBTB, one needs to target glioma cells.
Coating cell permeable peptides on the surface of
nanoparticles could serve this purpose. A detailed
review about peptides for targeting glioma cells can
be found [17]. This review mainly focuses on crossing
the BBTB.

Current strategies to deliver drugs into
the brain

Great efforts have been taken to deliver drugs
and diagnostic agents into the brain. Combined with
recent advances in BBB research, various new
strategies have been exploited. This review
summarizes the works published in the past five
years. Some of them are still in a stage of
proof-of-concept. A summary to compare these new
strategies is shown in Table 1.

Viral vectors

Viral vectors have a natural ability to infect cells
with nucleic acids. The application of viral vectors for
gene delivery to patients with neurological disorders
has been investigated for over two decades. In
general, the transfection efficiency of viral vectors is
high (e.g., 80%) [18]. Lentivirus, herpes simplex virus,
adenovirus and adeno-associated virus (AAV) vectors
have achieved gene transduction in the brain. The
limitations of using viral vectors for drug delivery
include difficulties in manufacturing, high cost of
production, and, most importantly, the safety of viral
vectors because of the death of patients in clinical
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trials [19, 20]. In order to use viral vectors for clinical
applications, their safety must be confirmed. So far,
AVYV vectors have demonstrated exceptional safety
profiles in humans as well as the ability for gene
delivery in the brain, although a concern on
immunogenicity still remains [21]. Thus, AVV vector
is a prominent vector used in current clinical trials of
gene therapy for brain diseases. However, viruses
normally cannot passively cross the BBB though
viruses can transfect the gene into the targeted cells.
Several administration routes such as stereotaxic
injection and injection into the cerebrospinal fluid
(CSF) have been explored as means to either
mechanically or biologically bypass the BBB [22].
Although these administration routes are very
specific, risks from highly invasive neurosurgery are
significant for patients. For example, AAV2cyhCLN2
used to treat late infantile neuronal ceriod
lipofuscinosis required 12 cortical locations delivered
through six burr holes. Serious adverse effects were
reported in the clinical trial, but it was not clear
whether the adverse effects were directly attributed to
the AAV2cyhCLN2 vector [23]. Currently, new viral
vectors have been developed to treat various brain
diseases; however, most approaches still followed
direct injection into the brain [24, 25]. Thus, safe and
systemic delivery is the key focus in the development
of novel viral vectors for brain gene therapy. Several
AAV secrotypes showed the potential to bypass the
BBB and target the cells of the CNS [23, 26, 27]. Foust
et al. was the first to demonstrate extensive
transduction of neonatal neurons and adult astrocytes
in mice by intravenous administration of AAV9 at a
high dose of 2 x 104 vg/kg [28]. To select the optimal
AAVs to cross the BBB, Zhang et al. studied nine
recombinant AAVs (rAAVs) for CNS transduction
after intravenous injection. The performance of
rAAVrh.10 was comparable to that of rAAVY, further
demonstrating the ability of rAAVs to enter the CNS
in neonatal mice [26]. Vagner et al. intravenously
injected AAV9-gfaABCl1D-glutamate transporter 1
(GLT1)-Tomato into mice with Huntington’s disease.
At a dose of 1.86 x 1012 vg/kg, 30% and 49% gene
transduction was achieved in the striatum and the
cortex, respectively [23]. In spite of these
achievements, more studies on new vectors are
needed to further reduce the dose so that AAV-based
therapies could be translated to humans. Still,
systemic delivery is one area with a great unmet need
when using viral vectors for CNS gene therapy.
Advances in new vectors and delivery technologies in
this area will accelerate the translation and
application of viral vectors from preclinical to clinical
studies.
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Table 1. Strategies for brain drug delivery.
Strategies Advantages Limitations References
Viral vectors High gene Safety concerns; [20-23],
transfection brain direct injection; [25]
efficiency crossing the BBB;
high dose by
intravenous
administration
Nanoparticles Actively targeted ~ Crossing the BBB [30-31],
delivery; brain [33],
targeting using [36-39],
specific [44], [46],
physiological [47], [50]
conditions
Exosomes Gene delivery to Exosome donor cells; [51]
brain; potential loading procedure;
ability to cross the  in-vivo toxicity and
BBB pharmacokinetics
Delivery through Potential ability to  Mainly for small [52, 53]
active transporters  cross the BBB by molecules
in the BBB intravenous
injection
Brain permeability ~ Transiently open =~ Mismatch between  [54-58],
enhancer the BBB findings in rodents
and humans
Delivery through the Potential to cross ~ Limited knowledge [63],
permeable BBB the BBB about dynamic [70-72],
under disease changes in the BBB  [75-76],
conditions and their
mechanisms
Non-invasive Potential to open  Toxicity [73],
techniques to the BBB and [79-81]
enhance brain drug  decrease efflux
uptake transporters
Alteration of Bypass the BBB Suitable for low dose [83]
administration through nasal
routes administration
Nanoparticles for Enhance imaging;  Cross the BBB; [10]
brain cross the BBB understand dynamic
imaging/diagnostics through the changes in the BBB
hyper-permeable
BBB under disease
conditions
Non-viral nanoparticles
With the advent of nanotechnologies,

nanoparticles have been proposed as an intriguing
tool to potentially enhance drug delivery across the
BBB. Extensive reviews can be found elsewhere
[29-31]. This review focuses on new findings to
redefine some concepts in this research area.

When applying nanoparticles for brain drug
delivery, the first question that has to be answered is
whether nanoparticles, by themselves, could cross the
BBB. Nanoparticles in general have the advantages on
multifunctionalization, ability to carry drug payloads,
control of drug release and modification of the
pharmacokinetics of the drug.  Moreover,
nanoparticles, because of their nano size (< 200 nm),
could penetrate into ‘leaky’ tumor tissue to facilitate
drug delivery according to the enhanced permeability
and retention (EPR) effect [32]. However, for brain
drug  delivery, observing increased  drug
concentration in the brain using nanoparticles does
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not necessarily imply that the small size of the
nanoparticles makes them cross the healthy BBB.
Nanoparticles could increase the drug concentration
at the surface of BBB cells, or nanoparticles could
provide more opportunities to the drug to cross the
BBB by increasing their circulation time in the blood
compared to conventional formulations. For instance,
poly (ethylene glycol)-poly (lactic acid) block-
copolymer (PEG-PLA)-protein complex nanoparticles
cannot cross the healthy BBB [33]; however, the
complex nanoparticles delivered brain-derived
neurotrophic factor (BDNF) to the brain and enhanced
efficacy in a middle cerebral artery occlusion mouse
model for stroke [34]. Very likely, the PEG-PLA BDNF
complex entered the brain via the disrupted BBB
caused by stroke [33]. Also, the complex probably
increased the plasma half-life of BDNF for the
enhanced therapeutic value observed in mice. Thus,
there are extensive debates on whether nanoparticles
versus their encapsulated payloads cross the BBB [29,
31, 35]. Recently, Medina et al. developed “barcoded”
poly(lactic-co-glycolic  acid)(PLGA) nanoparticles
containing quantum dots (QDs) to track nanoparticles
at the cellular level [36]. QD-PLGA nanoparticles did
not cross the BBB in the healthy brain; however, they
entered the CNS through circumventricular organs in
the brain or leaky vasculature of late-stage
intracranial tumors. Many factors such as size, surface
properties and shape influence the ability of
nanoparticles to cross the leaky BBB [30]. For example,
polysorbate 80 and poloxamer 188, both surfactants,
have shown the ability to assist nanoparticles to
deliver drugs across the BBB following intravenous
injection. After studied for many years and explored
many possible mechanisms, it is agreed that
polysorbate 80 or poloxamer 188 overcoated on the
surface of nanoparticles adsorbs Apo A-I and/or Apo
E from the blood on to the nanoparticle surface, which
induces receptor-mediated endocytosis followed by
transcytosis to cross the BBB [37]. Very likely, the fate
of each type of nanoparticle, such as lipid-based
nanoparticles, polymer nanoparticles, dendrimers
and inorganic nanoparticles, could be different.
Moreover, it is not easy to separate each property and
solely study the size in an experimental setting.
However, with growing evidence, one cannot simply
say that nanoparticles can cross the BBB because of
their small size. The distinct fate of nanoparticles in
the brain will be better understood with the
development of new multispectral approaches, e.g.,
using QD-labeled PLGA nanoparticles.

Actively targeted delivery by using ligands of
transporters or receptors to enhance nanoparticle
uptake across the BBB has been studied for over 30
years. In this approach, the ligand is not a drug but a

facilitator to deliver a therapeutic agent encapsulated
in nanoparticles [38]. The preferred pathway for this
approach is receptor (or transporter)-mediated
transcytosis by which a cargo (e.g., nanoparticles)
transports between the apical and basolateral surface
in the brain ECs. For example, low-density
lipoproteins undergo transcytosis through the ECs by
a receptor-mediated process, bypassing the lysosomal
compartment and releasing at the basolateral surface
of the brain side [39]. However, whether drugs are
specifically transferred to the brain by actively
targeted nanoparticles is controversial. RVG29, a 29
amino acid fragment of the rabies virus glycoprotein,
has been wutilized to prepare brain-targeted
Pluronic-based nanoparticles and demonstrated
enhanced brain delivery following intravenous
injection in mice [40]. RVG29 was also conjugated
with dendrimers and then complexed with DNA to
form nanoparticles. The RVG29-DNA dendrimer
nanoparticles preferably accumulated in the brain
after intravenous injection in mice, passing brain
capillary ECs through clathrin- and
caveolae-mediated endocytosis [41]. However, some
studies suggested that nanoparticles may not be
internalized by cells and the enhanced drug uptake in
the brain is non-specific [29, 42, 43]. Cook et al.
demonstrated that RVG29-coated PLGA
nanoparticles loaded with camptothecin enhanced
brain delivery of the drug through enhanced
interaction between the nanoparticles and gamma-
aminobutyric acid B receptors on the surface of brain
ECs. They did not observe internalization of the
nanoparticles in target tissue and concluded that the
drug was transferred non-specifically [35]. Similarly,
Chen et al. studied the release of hydrophobic
fluorescent probes entrapped in fluorescently labeled
polymeric micelles by Forster resonance energy
transfer imaging. They found that hydrophobic
probes were released from the micelles in the
extracellular space of tumor cells prior to cellular
internalization of the micelles, indicating a
membrane-mediated pathway for cellular uptake [42].
Collectively, these studies reveal that, in spite of the
same targeting ligand (RVG29), the mechanisms of
enhancing drug uptake in the brain vary among used
nanoparticles. These controversial results emphasize
the challenges, diversity of nanoparticles and
important considerations for the design and
evaluation of actively targeted nanoparticles to cross
the BBB.

In addition, disease condition and progression
have to be considered in the nanoparticle design
when using actively targeted strategies. Ligands are
selected to actively target an internalizing receptor on
the apical side of brain ECs. However, expression of
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the receptor and transport mechanisms may change
during the course of the disease. For example,
transferrin receptors and insulin receptors are two
common targeted receptors that have been used to
develop actively targeted nanoparticles. Studies have
evidenced that neuroinflammatory conditions and
disease progression influence the expression of these
receptors [44, 45]. The iron regulatory protein system
(IRPs) regulates the expression of transferrin receptor.
Loss of IRPs plays a role in neurodegeneration
causing a condition with neuronal iron deficiency.
The genetic loss of IRPs results in reduced expression
of transferrin receptor in IRP2-Null mice [46]. Thus,
the nanoparticle targeting transferrin receptors is not
an effective system to deliver drugs to the brain in this
specific disease condition. Moreover, the influence of
disease conditions on the expression of receptors is
very specific and should be evaluated case-by-case.
Ho et al. demonstrated that the total content of insulin
receptor had no significant change on the brains of
nondiabetic sporadic AD, though they observed
impaired signaling of insulin receptor [47]. Nga
Bien-Ly et al. measured levels of transferrin receptor
in brain samples from both AD animal models and
AD patients, and did not observe any decreases [48].
Thus, regulation of the expression of transporters or
receptors in the BBB during disease conditions is not
completely understood. One needs to conduct
detailed studies on this aspect prior to choosing the
receptor for actively targeted drug delivery.

Recently, some new strategies on nanoparticles
have been reported to specifically deliver drugs to the
brain. In one study, propionylated amylose helix was
used to form nanoclusters to encapsulate propofol, a
hydrophobic drug for sedative effects in rabbits.
Phosphatidylethanolamine (POPE) has a higher
content in the brain ECs compared to other ECs. The
H-bonding between propionylated amylose and
POPE induced binding of the complex to the surface
of the POPE bilayer as well as triggered unfolding of
the complex to release the drug, which generated a
local high concentration gradient, facilitating the
hydrophobic drug to cross the BBB. Molecular
dynamics simulation was used to select the helix and
simulate the encapsulation and release of the drug
[49]. Thus, this new approach utilizing a specific
physiological condition to trigger drug release in the
BBB focused on brain targeting rather than crossing
the BBB.

Lipoproteins, as natural nanoparticles, have
been studied as drug delivery carriers for decades.
However, issues such as scale-up and drug loading
limit the application of lipoproteins. Thus, synthetic
mimics of high-density lipoproteins (HDLs) prepared
from natural/synthetic lipids and recombinant
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apolipoproteins have been developed as an
alternative. Song et al. constructed Apo

E-reconstituted HDLs from recombinant Apo E and
synthetic lipids to load a-Mangostin, a polyphenolic
agent, to prevent the formation of AP oligomer and
accelerate AP cellular degradation. The results
showed that Apo E-reconstituted HDLs targeted A
aggregates as well as facilitated BBB penetration [50].
To simplify the nanoparticle preparation and make
scalable HDL nanoparticles, our group engineered
novel HDL-mimicking nanoparticles by using 3 min
of homogenization. Natural lipids were used to
construct the HDL-mimicking nanoparticles by
self-assembly. The HDL-mimicking nanoparticles
successfully encapsulated nerve growth factor (NGF).
The NGF HDL-mimicking nanoparticles kept the
bioactivity of NGF for stimulating neurite outgrowth
in PC12 cells and also prolonged the circulation of
NGF in mice [51, 52]. Instead of making mimicking
HDL nanoparticles, Rajora et al. developed
porphyrin-lipid nanoparticles and then coated Apo E3
on the nanoparticle surface to target glioblastoma [53].
The Apo E3 porphyrin-lipid nanoparticles actively
targeted the low-density lipoprotein receptor that
overexpresses on the surface of glioblastoma cells and
directs the transcytosis of nanoparticles across the
BBB. The results showed that porphyrin was
selectively taken by tumor tissues compared to
healthy tissues. Because of bi-function of porphyrin
for both fluorescence imaging and photodynamic
therapy, the mnovel Apo E3 porphyrin-lipid
nanoparticles could be used as theranostic agents.
However, the authors only demonstrated the
sensitivity of photodynamic therapy in glioblastoma
cells though they studied the imaging in an orthotopic
U87-GFP tumor mouse model.

Drug delivery to brain tumors is complicated
because the drug not only has to cross the BBB but
also needs to penetrate into solid tumor tissues.
Angiopep-2 is a peptide ligand designed to bind to
low-density lipoprotein receptor-related protein-1
(LRP-1) to induce LRP-1-mediated transcytosis. The
potential of angiopep-2 to penetrate into the brain was
demonstrated by a conjugate of angiopep-2 and
paclitaxel, known as ANG1005 in phase II studies [54].
To enhance penetration in gliomas, a cell penetrating
peptide was conjugated with the angiopep-2
paclitaxel conjugate. The new conjugate combining
these two agents, one for brain penetration and the
other for tumor penetration, significantly improved
translocation of paclitaxel into tumor tissues and
increased the survival rate in a glioblastoma mouse
model [55].
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Exosomes

Exosomes are small extracellular vesicles
secreted by cells. The major advantage of exosomes
versus other synthetic nanoparticles is their
non-immunogenic nature, leading to a long and stable
circulation. The components of exosomes isolated
from brain ECs function as regulators for exchanging
molecules across the BBB and maintaining cell-cell
communication in the brain [56]. Exosomes have been
utilized to deliver small molecules, proteins and
nucleic acids to cross the BBB. A detailed review can
be found [57]. Among these studies, delivering
siRNAs to the brain is notable. Although siRNA holds
great therapeutic promise, its delivery to the brain
remains a paramount obstacle. Yang et al. isolated
exosomes from brain EC culture media and loaded
them with vascular endothelial growth factor (VEGF)
siRNA using a transfection reagent. The exosomes
facilitated siRNA to cross the BBB and inhibited VEGF
in xenotransplanted zebrafish bearing brain tumors
[58]. However, critical issues and obstacles do exist for
exosomes as a drug carrier to reach maximum
potential in the clinic, including the choice of exosome
donor cell, optimization of the loading procedure,
evaluation of siRNA loading efficiency, formulation
purification, and toxicity and pharmacokinetic
studies. The solutions to these questions are awaited
with great interest and need to be further explored.

Delivery of drugs through active transporters
in the blood-brain barrier

Endogenous amino acids enter the brain
through the transportation systems within the BBB.
One attractive approach on brain drug delivery
utilizes this knowledge to link drugs with amino acids
that actively cross the BBB. Peura et al. synthesized
three amino acid prodrugs of dopamine to enhance
brain uptake through the large amino acid transporter
in the BBB. They tested three prodrugs using an in situ
rat brain perfusion technique. The phenylalanine
prodrug showed better receptor affinity and brain
uptake than other prodrugs [59]. Recently, Singh et al.
prepared a methotrexate (MTX)-lysine conjugate to
enhance MTX brain uptake through the endogenous
transport system of lysine in the BBB. The favorable
pharmacokinetics and  biodistribution of the
MTX-lysine conjugate demonstrated the selective
brain transport of this prodrug [60]. However, taking
into account the size of amino acids, this kind of
prodrug approach could only be suitable for small
molecules. For macromolecules such as proteins and
siRNAs, amino acids could be too small to change the
pathway of their uptake, or macromolecules could be
too big to pass the transportation systems.

Brain permeability enhancers

Many molecules have demonstrated the ability
to transiently open the BBB and allow high
concentrations  of  systemically  administered
chemotherapeutics to reach the brain [61]. One of the
rationales for these molecules to open the BBB is
based on the transient disruption of the BBB by
decreasing expression of T] proteins such as
claudin-1, occludin and tricellulin. Their early
application was for intraarterial mannitol with
chemotherapy agents to treat brain tumors [54].
Currently, cereport (a bradykinin analog) has been
shown to increase BBB permeability and consequently
improve anti-cancer efficacy of co-administered
anti-cancer drugs in animal models. However, clinical
studies failed to show a benefit of the
co-administration in glioma patients [62]. Similarly,
regadenoson (an adenosine receptor agonist)
increased BBB permeability in animal studies, but did
not influence the penetration of co-administered
contrast agents in humans [61]. An apparent
mismatch between findings in rodents and humans
existed for these molecules. The authors proposed
further studies on doses, schedules and combination
regimens. Recently, borneol has been studied to
increase both oral absorption and brain penetration of
drugs in animal models [63-65]. Yi et al. compared
four different oral formulations of puerarin with
borneol. Among them, a self-microemulsifying drug
delivery system containing both puerarin and borneol
resulted in significantly higher AUCs both in plasma
and in the brain compared to other formulations [65].
It is very likely that co-administration of a drug and a
permeability enhancer is insufficient to achieve the
benefits of the enhancer in humans, as shown in the
previous cereport and regadenoson studies. Since the
interaction of the enhancers with the BBB is transient,
co-delivery of both enhancer and drug by one carrier
could be important to allow the drug to cross the BBB
while the enhancer opens the BBB.

Delivery of drugs through the permeable
blood-brain barrier under disease conditions

The BBB has been recognized as a great hurdle
in brain drug delivery for a long time. Although the
BBB leakiness is known to evolve with some disease
conditions, detailed knowledge such as duration and
size of the BBB opening is not well understood. With
advanced studies, new mechanisms have been
discovered. For example, glutamate release in ECs
promotes BBB permeability [66]. Recent studies based
on new brain imaging techniques have also provided
more detailed information on BBB leakiness. In this
section, this “old” concept is revisited according to the
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recent findings on BBB permeability under disease
conditions.

BBB opening has been observed in diseases
involving inflammatory, traumatic and degenerative
situations. In many cases, BBB opening is the hallmark
clinical symptom [67]. Interendothelial junctions are
key structures to maintain tissue-fluid homeostasis in
the healthy brain. Under certain disease conditions,
proteinaceous fluid enters the interstitium through
the disrupted interendothelial junctions, consequently
causing edema [6, 68]. On the other hand, brain injury
further alters BBB permeability in the progression of
the diseases [69].

Recently, MRI has become a common
non-invasive tool to study BBB damage in patients
[70-73]. Inflammation is one of the root causes of BBB
disruption. MRI was applied to patients with
cardiopulmonary bypass, which induces a systemic
inflammatory response. Abrahamov et al. applied
dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) and diffusion-weighted imaging

A B

Diffusion weighted image

T1 Image + KPS map

methods to determine BBB disruption and the
duration of BBB integrity recovery under
cardiopulmonary bypass [70]. The BBB integrity was
disrupted after the operation. Although BBB
permeability recovered within several days, the
short-time BBB disruption was correlated with
postoperative neurocognitive dysfunction. Wong et
al. demonstrated that DCE-MRI can be adjusted to
provided moderate-to-excellent reproducibility on
evaluating subtle BBB leakage in patients with
cerebrovascular disease [72].

Another major focus is to understand the
dynamic change in BBB permeability and its
mechanisms in ischemic stroke. When BBB disruption
occurs after stroke is controversial. Some studies have
suggested that stroke disrupts the BBB several hours
after stroke onset [34]. However, a recent study based
on enhanced MRI showed that BBB leakage
continually increased in patients right after acute
ischemic stroke (AIS) (Figure 2) [74].

N —
0 1.0 2.0

FIGURE 2. A dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) sequence was performed with diffusion-weighted imaging to assess blood-brain
barrier (BBB) permeability after acute ischemic stroke in 49 patients. The figures represent diffusion-weighted scans (top) and blood-brain barrier permeability maps
(bottom) for 3 patients <6 h (A), 6-48 h (B), and >48 h (C) after the onset of stroke symptoms. Elevated permeability-surface area product (KPS; scale: mL/100 g/min)
was observed at all time-points, suggesting a sustained increase in BBB permeability after acute ischemic stroke. The BBB permeability was higher within the core of
the infarct compared to the periphery of the infarct. A continuous BBB leakage was confirmed with DCE-MRI in humans for up to 90.1 h after acute ischemic stroke.
Adapted with permission from reference [74] under the Creative Commons Attribution License. Abbreviations: BBB: blood-brain barrier; DCE-MRI: dynamic

contrast-enhanced magnetic resonance imaging.
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BBB permeability was highest at 6-48 h after the
onset of AIS. BBB degeneration after AIS may lead to
pathologic processes such as edema and hemorrhagic
transformation [75]. In addition to using imaging
technologies, a serial sampling method for CSF was
applied to a non-human primate middle cerebral
artery occlusion model to evaluate the dynamic
change in BBB permeability based on the CSF/serum
albumin ratio. The results indicated that BBB
disruption occurred rapidly after ischemia and the
extent of the disruption was highly correlated with
the disease progress [76]. By focusing on the
disintegrated BBB, Ishili et al. delivered PEGylated
liposomes to the ischemic brain region under cerebral
ischemia conditions and at an early phase after the
start of reperfusion [77]. Further, the same group
loaded Fasudil, a neuroprotectant agent, into the
liposomes and combined it with tissue plasminogen
activator (tPA) to treat ischemic stroke. The treatment
with liposomal Fasudil before tPA showed significant
neuroprotective effects [78].

To utilize the permeable BBB for drug delivery
by taking advantage of nanoparticles, it is critical to
know what is the appropriate size of nanoparticle to
pass through the leaky BBB. Because of angiogenesis
of tumors, the EPR effect exits in brain tumors, which
results from highly permeable vasculature and lack of
lymphatic drainage [79-81]. To apply the EPR effect
for brain tumors, it is important to know the
relationship between nanoparticle properties (e.g.,
particle size) and the physiological size of pores
within the BBTB. Dendrimers are synthetic
nanoparticles, whose size, porosity and surface charge
could be designed and controlled during nanoparticle
preparation. By taking advantage of their synthetic
control, polyamidoamine (PAMAM) dendrimers
(generation 1 to 8) were synthesized to investigate the
influences of nanoparticle size on particle
accumulation in malignant glioma cells in glioma
tumor-bearing rats [82]. The results demonstrated that
the size cutoff for Gd-chelated dendrimers to cross the
BBTB was 12 nm; particles bigger than 12 nm could
not pass. Additionally, nanoparticles 4-10 nm in
diameter led to high blood concentrations for several
hours in the animal model [83]. In a recent study, a
MRI and near-infrared (NIR) dual imaging agent was
prepared by conjugating a MRI contrast agent with a
NIR fluorescent dye to a G5 PAMAM dendrimer (7.6
nm). Both MRI and fluorescence imaging detected the
agent in glioma tissue rather than in normal
contralateral tissue [80]. Therefore, for dendrimers,
sizes <12 nm could have potential to cross the BBTB.
However, it is not easy to use the same materials to
synthesize nanoparticles with various sizes for other
types of nanoparticles, e.g., lipid nanoparticles;

therefore, for these nanoparticles it is difficult to
exclude the influence of other properties (e.g., surface
properties and morphology). Thus, the influence of
particle size on crossing the BBB or BBTB is still not
clear for other types of nanoparticles.

In addition, studies have shown that many
associated treatments of brain diseases could restore
the leaky BBB. Bevacizumab, a humanized
monoclonal antibody, inhibits the biological activity
of VEGF. Bevacizumab is frequently used for
malignant gliomas at a late stage of the disease. While
influencing brain tumor vasculature, this treatment
restores the BBB from its leakiness [84]. When
Bevacizumab is used as a combined therapy, the brain
uptake of other drugs in the regimen would be a
concern over time.

The knowledge of BBB dynamics may provide
insight into future treatments for brain diseases. It
could be possible that the BBB would not be a major
hurdle if patients could be dosed during the critical
time of the BBB opening. Consequently, current
unmet issues in brain drug delivery could be solved
by utilizing certain pathological conditions.

Non-invasive techniques to enhance brain drug
uptake

Ultrasound has become an attractive technique
to facilitate drugs to cross the BBB in recent years.
Microbubble-enhanced diagnostic ultrasound
(MEUS), a non-invasive technique, effectively helped
drugs cross the BBTB by increasing BBTB
permeability in glioma. Claudins, occludin and JAMs
are major proteins in TJs in the BBB [79]. The
expression of these TJ proteins could be reduced by
ultrasound irradiation and microbubbles, temporarily
opening the BBB without damaging the normal brain
tissue [85]. In addition, Ningaraj et al. showed that
MEUS increased the expression of KCa channels in
glioma, which promoted pinocytosis and
consequently increased the BBTB permeability [79].
Besides the BBTB, the BBB still remains a barrier for
drug delivery in brain tumors. The combination of
focused ultrasound (FUS) and microbubbles can
enhance the permeability of the BBTB in brain tumors
as well as disrupt the BBB in the surrounding tissue.
Park et al. explored DCE-MRI to investigate the
delivery of doxorubicin by using the combination of
FUS and microbubbles. FUS and microbubbles were
performed in both a rat brain tumor and the normal
brain for doxorubicin delivery. They demonstrated
that the combined technique increased the drug
retention time in the tissue over 24 h while enhancing
drug crossing of both the BBB and the BBTB [86].
Moreover, it is interesting that MEUS was able to
temporarily suppress P-gp expression. By using
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MEUS, P-gp was suppressed up to 48 h and restored
by 72 h and the level of induced suppression could be
controlled by adjusting instrument settings [87]. To
understand the physiological changes in the brain
upon the BBB opening induced by FUS, non-human
primates were treated with FUS at different acoustic
pressures. The pharmacokinetic analysis confirmed
that FUS locally and transiently opened the BBB and
efficiently assisted drug delivery. The brain
inhomogeneity and acoustic pressure determined the
level of BBB opening and consequently the drug
concentration in the brain [88]. The basic principles
and detailed discussion on the potentials of
ultrasound-mediated drug delivery can be found [89].

In addition to FUS, transcranial magnetic
stimulation (TMS), which stimulates neuronal activity
and increases glutamate release, facilitated drug
delivery across the BBB. A pilot clinical study showed
that BBB permeability was enhanced by using TMS in
10 of 15 patients with malignant brain tumors,
indicating the potential use of TMS in clinical settings
to improve drug delivery into the brain [66].

Alteration of administration routes

Intranasal route is an effective administration
route to deliver drugs into the bran. In this approach,
drugs bypass the BBB and enter the brain directly
through the olfactory route. Many drugs used to treat
human immunodeficiency virus (HIV) have low
bioavailability because of the first-pass effect, and also
have low permeability across the BBB. The CNS is
reported to be the most important HIV reservoir site.
Efavirenz was encapsulated into solid lipid
nanoparticles by high-pressure homogenization to
improve bioavailability and brain uptake. Efavirenz
nanoparticles increased the concentration of efavirenz
in the brain over 150-fold through intranasal
administration compared to oral administration [90].
However, the limitation of intranasal delivery is the
total amount of the drug that could be delivered into
the brain because of the limited dosing volume
through the nasal cavity. For very potent drugs, the
intranasal route would be a suitable strategy for brain
drug delivery.

Nanoparticles for brain imaging/diagnostics

Nanoparticles have been extensively studied for
tumor imaging and diagnostics. However, little
research has focused on brain imaging for CNS
diseases, possibly due to the challenge of the BBB.
Development of imaging technologies, especially in
MRI and computed tomography (CT), has improved
management and prognostication of
neurodegenerative diseases. BBB disruption can be
quantitatively assessed by wusing DCE-MRI in

ischemic stroke patients [73]. Multimodal MRI has
also been used to track the dynamic progression of the
injury and BBB disruption after intracerebral
hemorrhage, which is a significant cause of morbidity
and mortality [91]. In addition to diagnostics and
monitoring therapeutic effects, quantitative and
visual assessment of increased BBB permeability may
help select appropriate therapeutic interventions
beyond the established time window. tPA is the first
treatment for patients with acute stroke. However,
tPA could induce hemorrhage. Studies using CT
angiography revealed hemorrhage transformation
was correlated with increased BBB permeability. CT
could be a tool to assess the risk of hemorrhage before
the tPA treatment [92]. Additionally, Gd-micelles,
which were developed as a MRI contrast agent for
tumor imaging [93], were used to examine BBB
permeability in a rat model [12]. A significant contrast
area in the MRI images was observed in the ischemic
hemisphere, indicating the BBB permeability for
macromolecules. Due to their large molecular weight,
the Gd-micelles remained in the ischemic hemisphere.
Thus, the Gd-micelles MRI contrast agent could
visualize BBB opening for hemorrhage-risk
assessment.

These studied suggest that brain imaging using
CT and MRI could be used to assess patients for brain
diseases. In the current CT operation, patients receive
a relatively large amount of radiation. Nanoparticles
have been developed to enhance CT or MRI for tumor
diagnostics. Owing to the BBB leakiness under certain
disease conditions, it is possible to apply tumor
diagnostic nanoparticles, e.g., Gd-micelles, for brain
diseases. One could imagine that advanced imageable
nanoparticles could decrease the dose of contrast
agents and consequently make CT or MRI operation
safer.

Influence of aging on the blood-brain
barrier

A neglected issue in the literature and research
is the influence of aging on brain drug delivery. This
section summarizes a few findings from the literature.

The BBB is comprised of brain microvascular
ECs, astrocytes, pericytes, neurons, and basement
membrane. Aging could affect these components of
the BBB. For example, studies showed that genes
related to inflammation and scar formation were
upregulated in aged astrocytes [94]. Astrocytic
functions critical for stroke recovery were influenced
by aging in male and female rats [95, 96]. Moreover,
with age, astrocytes decreased the secretion of trophic
factors that prevented neural degeneration [96-98].
Regarding these studies, Okoreeh et al. injected
AAV5-GFP-hIGF-1 into the striatum and cortex in
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order to transfer the IGF-1 gene to astrocytes in
middle-aged female rats. The results showed that
IGF-1 genes assisted the recovery of stroke-induced
damage including BBB  permeability = and
neuroinflammation [99]. However, they did not
compare this gene therapy of IGF-1 in rats of different
ages. With age, astrocytes also decrease nutrition
uptake in the brain (e.g, glucose) and the
corresponding receptor expression in the BBB (e.g.,
GLUT-1 expression) [100]. Thus, nanoparticles that
are designed to target GLUT-1 might not work when
they are administered to seniors. In addition to
astrocytes, studies have also shown that pericytes
decrease with age, accompanying the increase in BBB
permeability [101].

Since aging influences the BBB structure,
permeability to molecules is altered with age. One
study tested the permeability to NGF in newborn rats
with hypoxic-ischemic brain damage, neonatal and
adult healthy rats. The results demonstrated that NGF
penetration across the BBB was significantly higher in
the newborn rats under hypoxic condition than in
neonatal and adult rats; for the aging influence, NGF
showed significantly higher permeation in neonatal
rats compared to adult rats [102].

In addition, common stresses in diseases will
further alter the BBB function in old patients,
although BBB dysfunction occurs early in the
pathogenesis. Wang et al. demonstrated that
lipopolysaccharide induced BBB disruption in old
mice, which mimicked the common stress of sepsis.
They also found that BBB disruption was associated
with the degradation of occludin and claudin-5,
suppressed protein kinase activation and the
upregulation of gp91phox [103]. With limited
research and complications, it is still unclear how
aging influences the BBB, and to what degree.
Certainly, it is critical to fully understand gene
expression and permeability of the BBB in patients at
different ages since many CNS disorders have high
incidences in seniors. Drug delivery researchers need
to consider aging influences when they design novel
drug delivery systems for CNS diseases.

Conclusion and future direction

This review has covered recent strategies to
deliver drugs to the brain in the past five years. To
design effective drug delivery systems for brain
diseases, detailed understanding of BBB disruption is
necessary. With recent advances, research has not
only demonstrated the permeable BBB in brain injury,
but also revealed the mechanisms of BBB regulation.
In addition to the common technologies including
viral vectors and nanoparticles, novel non-invasive
techniques such as MEUS and TMS have been studied

to temporally open the BBB to enhance brain drug
uptake. Innovative delivery systems should be
expected to facilitate brain disease diagnostics. With
understanding of the leaky BBB, previously
developed nanoparticles that target tumors according
to the EPR effect could be applied to brain diseases.
Gliomas contain highly heterogeneous ranges in
which permeability is normal in peripheral regions.
Thus, a combination of strategies penetrating both
permeable and normal BBB might have to be
considered. Additionally, further studies on the
dynamics of BBB disruption will come out, which will
assist the design of sufficient delivery systems by
taking advantages of the leaky BBB. Another
important area that deserves further investigation is
the influence of aging on BBB dysfunctions. Brain
drug delivery systems that have considered the
influence of aging and were tested in animals of
different ages are rarely found in the literature. In
summary, the complexity of the BBB requires further
detailed studies on delivery strategies, but on the
other hand, it might offer unique opportunities to
design efficient delivery systems to treat various brain
diseases.
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