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1. Introduction

The blood—brain barrier (BBB) strictly controls the transport of
various substances from blood to brain'>. Most drugs are inef-
fective for brain diseases because their extremely low BBB
penetration efficiency is hard to reach therapeutic concentration in
brain parenchyma for effective treatment. Various kinds of highly-
expressed receptors and transporters on the BBB play the critical
roles in supplying brain with essential energy and nutrients’ .
This physiologic function endows receptor-mediated transcytosis
(RMT) and carrier-mediated transportation (CMT) with the po-
tential promising role in brain-targeting drug delivery”®. Nano-
technology has been widely and extensively applied in drug
delivery because of the exceptional features in increasing drug
loading and stability and reducing side effects and so on” '
Combining nanotechnology with RMT and CMT holds the po-
tential to boost BBB penetration for systemic brain-targeting drug
delivery. In the past two decades, specific ligands and substrates of
these receptors and transporters have been extensively used to
enhance brain-targeting delivery efficiency”*.

Pathological BBB breakdown with structural and functional
changes, happens in brain regions affected by almost all brain
diseases, such as chronic Alzheimer’s disease (AD) and Par-
kinson’s disease (PD), acute ischemic stroke and traumatic brain
injury (TBI), epileptic seizures and brain tumor'>'®. These
vascular changes often include up-regulation of luminal adhe-
sion molecules, increased adhesion and transmigration of leu-
kocytes, reduced expression of tight junction (TJ), increased
endothelial transcytosis, disrupted expression of receptor and
transporter, endothelial degeneration, pericyte degeneration,
perivascular accumulation of toxic products, inflammation and
immune response'>'#. It’s remarkable that BBB evolutions are
often throughout the onset and progression of brain diseases'”.
However, it remains uncertain whether BBB dysfunction is one
of the initial events that lead to the brain diseases, or a down-
stream consequence'”. For example, because the BBB plays a
critical role in maintaining brain homeostasis, the disturbance of
proper BBB functioning is increasingly recognized as a potential
contributor in pathogeneses of neurodegenerative neurological
diseases, including AD and PD'®. On the one hand, BBB
disruption allows influx into the brain of neurotoxic blood-
derived debris, cells and microbial pathogens and is associated
with inflammatory and immune responses, which can initiate
multiple pathways of neurodegeneration'”. On the other hand,
inflammatory cytokines and chemokines are involved in cleav-
age, downregulation and spatial redistribution of junction pro-
teins, leading to the function loss of TJ. The BBB evolutions or
alterations affect most drug’s brain accumulation and intracra-
nial distribution. Disease-initiated BBB breakdown might pre-
sent an opportunity to deliver treatments to affected neurons.
Therefore, drug delivery through the diseased BBB for brain
diseases are different and more complex than through the normal
BBB. An attempt has been made in this review to briefly
introduce the BBB evolutions in various brain diseases and the

related strategies for designing nanoscale brain-targeting drug
delivery systems.

2. Normal BBB and diseased BBB
2.1. Normal BBB

The BBB is a selective barrier between blood circulation and brain
and formed by a monolayer of tightly sealed endothelial cells,
together with pericytes and astrocytic perivascular endfeet'’ '’
(Fig. 1). In contrast to the highly permeable peripheral capil-
laries, brain capillary endothelial cells or BBB endothelial cells
express various TJ proteins and major facilitator superfamily
domain-containing protein 2a (MFSD2A). On the one hand, TJ
proteins impede the paracellular diffusion of most molecules,
creating a paracellular physical barrier and extremely low para-
cellular permeability'’. On the other hand, MESD2A-regulated
low transcytosis rate’” >*, endows the BBB with the trans-
cellular transcytosis barrier. Through both paracellular and trans-
cellular barrier, the BBB strictly regulates both paracellular and
transcellular transfer of various substances from blood to brain'*.
Transport systems at the BBB include free diffusion, absorptive
transcytosis, RMT and CMT. Taking free diffusion as an example,
BBB is only permeable to small molecules with strictly specified
structure, e.g., MW < 400 Da threshold and high lipid solubil-
ity”>?°. Through these precisely controlled transport pathways
together with intra-endothelial enzymolysis and active efflux®">*,
BBB tightly controls the chemical composition of brain interstitial
fluid for proper synaptic functioning, information processing and
neuronal connectivity'>. Besides neurotoxic plasma components,
blood cells and pathogens'®, BBB also prevents the entry of most
drug molecules to protect the brain®>*’. Therefore, most drug
treatments are ineffective for brain diseases because of the un-
availability of efficient BBB penetration to reach therapeutic
concentration in brain parenchyma.

Nevertheless, brain is the most energy-consuming organ in the
body. The human brain receives 20% of cardiac output and con-
sumes 20% of total oxygen, glucose and energy under physio-
logical conditions for proper functioning of the brain®® 2,
although representing only 2% of total body mass. The human
brain contains ~644 km of blood vessels in total'”. Capillaries
account for approximately 85% of cerebral vessel length and
provide ~12 m? of the endothelial surface area available for
transport exchanges. The mean intercapillary distance in human
brain is about 40 um™, making the equilibration of solutes almost
instantaneous throughout the brain interstitial space once they
cross the BBB. BBB plays the lion’s share in providing the energy
and nutrients including amino acids, peptides, sugars, vitamins,
ferric ion, nicotinic acetylcholine and low-density lipoprotein
(LDL) to the brain”***>. Various kinds of highly expressed re-
ceptors and transporters on the BBB play the critical roles in
supplying brain with these essential nutrients’ ’. These highly
enriched receptors and transporters at the BBB include transferrin
receptor (TfR), LDL receptor (LDLR) and glucose transporter-1
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(GLUT1) and so on. These receptors and transporters use active
transport and facilitative transport to transfer nutrients and en-
ergy>**°. Therefore, these receptors and transporters are prom-
ising for brain-targeting drug delivery®,

2.2.  Diseased BBB

Generally, the BBB dysfunctions in various brain diseases, include
increased permeability from loss of TJ and enhanced transcytosis
rate from loss of MFSD2A and/or the increase of caveolin-1
expression (Fig. 1)°**" % weaken or strengthened CMT and RMT
functions [e.g., impaired glucose transport and active efflux from
reduction of GLUT1 and P-glycoprotein (P-gp) and dysregulated
blood-to-brain transport of amyloid beta (AB) from increased re-
ceptor for advanced glycosylation end products (RAGE) in AD],
microbleeds, perivascular deposits of blood-derived products,
cellular infiltration and degeneration of pericytes and endothelial
cells'?.

Drug delivery across the diseased BBB is different and more
complex than across the normal BBB. BBB alterations affect
drugs’ brain accumulation and intracranial distribution in both
stimulative and suppressive ways. From the stimulative perspec-
tive, BBB alterations, especially increased paracellular perme-
ability from loss of junction proteins, present an opportunity to
deliver drugs, which would normally be excluded by healthy
BBB, to the diseased brain regions and affected neurons'”'>.
However, from the suppressive perspective, influx of blood-borne
molecules and cells interferes with the normal solute diffusion in
brain interstitial fluid, resulting in impaired drug distribution
throughout the brain. Therapeutic agents are likely to get trapped
in pathologically altered and enlarged perivascular spaces, pre-
venting them from reaching a little distant neuronal targets'”.
Solute diffusion in regions with BBB disruptions would become
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Schematic drawings of the blood—brain barrier (BBB) in normal brain and the diseased BBB in most brain diseases.

poor, preventing drugs from reaching areas of the brain more than
a few hundred microns from the lesion™. Paradoxically, BBB
disruptions even retard brain retention of some drugs’, because
the efflux transporter for potassium is so robust that BBB
disruption does not alter its concentration in the cerebrospinal
fluid*’. Therefore, BBB dysfunction can improve or impede drug
delivery across the BBB to brain.

2.2.1. AD

AD is the most common neurodegenerative disorder and con-
tributes to ~70% of dementia cases'>*'. Cortical and cerebro-
vascular extracellular deposits of AB and the accumulation of
intracellular neurofibrillary tangles which are formed by the ag-
gregation of hyperphosphorylated microtubule-associated tau
protein are the main histopathological features of AD*. In
behavior, AD patients display loss of spatial and temporal orien-
tation and verbal fluency.

Under physiological conditions, endogenous A@ is transported
bidirectionally across the BBB and has the ability to promote
memory3 °. Influx receptor RAGE, efflux receptor LRP1 and
transporter P-gp act in tandem to maintain the brain levels of AS
at its most optimal concentration®> *’. A@ accumulation in brain
with AD is implicated in BBB evolutions. Under AD conditions,
both increased blood-to-brain transport by up-regulated RAGE
and decreased efflux by reduced LRP1 and P-gp enhance A
accumulation in brain with AD. It has been proved in animal
models that BBB evolutions occur predominantly in microvessels
that are surrounded by plaques*®. In addition, reduced GLUT]1 at
the BBB leads to GLUT1 deficiency, early cerebral microvascular
degeneration, blood flow reductions and further BBB breakdown,
which can worsen AD cerebrovascular degeneration, neuropa-
thology and cognitive function®’. And the transcytosis rate in-
creases in AD by the loss of pericyte coverage'>'?, through the
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possible MFSD2A decrease or caveolin-1 increase on BBB
endothelial cells. Therefore, BBB evolutions are involved with the
pathogenesis and pathology of AD'>!%!6:18:3950752 " Tpe
transport-related BBB evolutions include but are not limited to 1)
RAGE up-regulation, 2) LRP1 reduction, 3) GLUT1 reduction, 4)
TJ loss, 5) possible MFSD2A decrease or caveolin-1 increase, 6)
P-gp reduction and 7) basal lamina degradation by matrix
metalloproteinase-9 (MMP9)'%. In addition, the expression of
adhesion molecules may be increased for diapedesis of leukocytes
(Fig. 2).

2.22. PD
PD is the second most common neurodegenerative disorder. PD is
characterized by accumulation of a-synuclein and degeneration
of dopaminergic neurons'?. The a-synuclein is pathologically
aggregated into Lewy bodies or cytoplasmic eosinophilic in-
clusions™. The formation of Lewy bodies is firstly at the brain
stem and olfactory bulb and later at cortex and nigra and can be
observed in most neuronal populations in PD patients. This ulti-
mately leads to the dysfunctioning of neurotransmitter systems
such as adrenergic, cholinergic and serotonergic. The loss of
dopamine happens mainly in regions from the substantia nigra
pars compacta to the corpus striatum®'~°, resulting in bradyki-
nesia, rigidity and resting tremor, as dopamine is involved in the
transmission of electric signals to the normal physical motion.
BBB evolutions are a critical feature of PD pathology and
occur throughout the basal ganglia of PD patients'®. Vascular
dysfunction consisting of BBB breakdown and dysfunction, leads
to neurotoxic accumulation of fibrin (ogen), thrombin, plasmin
(ogen) and red blood cell (RBC) extravasation, and release of
hemoglobin and iron causing reactive oxygen species (ROS),
which all can injure dopaminergic neurons'®. Lee et al.”* reviewed
how BBB evolutions promote the onset and development of PD
and how PD compromise BBB. The pathway for mediating the
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BBB crossing of the a-synuclein and for contributing the a-syn-
uclein pool in the brain may be increased'®. Endothelial LRP1 is a
potential efflux transporter for a-synuclein and may be similarly
downregulated in PD as in AD’” ", Oxidative stress has been
identified as a putative molecular contributor to PD pathogenesis
and implicated as harmful to BBB by apoptosis inducing and
MMP9 activity increasing®. Chen et al.’® revealed reduced TJ
proteins zona occludens 1 (ZO1) and occludin in the striatum in
PD mouse model. Kortekaas et al.”” found higher accumulation of
verapamil by reduced P-gp in PD brain. Several other studies
reported angiogenic activity in PD-affected regions (e.g., basal
ganglia)®*. By summarizing current existing reports, transport-
related BBB evolutions in PD include but are not limited to 1)
up-regulation of unknown pathway for BBB crossing of a-synu-
clein, 2) LRP1 reduction, 3) TJ loss, 4) P-gp reduction, 5) possible
integrin increase for angiogenesis, 6) the possible increased
expression of adhesion molecules for diapedesis of leukocytes and
7) basal lamina degradation by MMP9 (Fig. 3).

2.2.3.  Epilepsy
Epilepsy is a chronic neurological disorder manifesting as spon-
taneous, recurrent and unpredictable seizures resulting from
transient abnormal electrical activity in the brain'>’. The main
causes of epilepsy include infection progression in the brain,
reduced oxygen supply, head trauma, arteriovenous malforma-
tions, cerebrovascular diseases and perinatal injuries®’. The
impact of epilepsy is multidimensional and extends far beyond the
harm induced by seizures themselves®'. The unpredictability of
seizures imposes severe lifestyle restrictions on patients with ep-
ilepsy, resulting in significant impairments in psychological,
emotional, economical and/or social spheres®’.

L-Type amino acid transporter 1 (LAT1) is up-regulated due
to the huge consumption for tryptophan in epileptogenic focus
for the aberrant activation of kynurenine pathway to synthesize
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kynurenic acid and quinolinic acid®®. Specific up-regulation of
multidrug efflux transporter P-gp is another important BBB
evolution in epilepsy®' ~®*. Loss of TJ and increased micro-
vascular density were also observed in temporal lobe epi-
lepsy'®. These BBB dysfunctions are localized to epileptic
regions and positively correlates with seizure frequency, sug-
gesting that BBB plays a contributory role in epileptic disor-
ders. Neuroinflammation is also a hallmark of epileptogenic
brain tissue®, during which leukocytes are extensively
recruited and trafficked into the brain parenchyma by chemo-
taxis and diapedesis’®. By summarizing current existing re-
ports, transport-related BBB evolutions in epilepsy include but
are not limited to 1) LAT1 up-regulation, 2) P-gp up-regulation,
3) TJ loss, 4) possible integrin increase for angiogenesis and 5)
increased expression of adhesion molecules for diapedesis of
leukocytes (Fig. 4).

2.2.4.  Stroke

Stroke, secondary to occlusion of cerebral vessels, is a leading
cause of death and disability worldwide®’. The ischemic cascade
involves necrotic cell death, apoptotic cell death and inflammation
because neurons are very vulnerable to reduction in supply of
oxygen and glucose from reduced cerebral blood flow. Reperfu-
sion of blood to ischemic brain is the only option to reverse brain

Normal BBB
Blood

damage after a stroke. At present, restoration of blood flow via
fibrinolytic tissue plasminogen activator (tPA) is the only
approved clinical treatment for stroke. However, besides the short
therapeutic window of 3—4.5 h post-onset®, tPA activates
different pathways for detachment of astrocytes endfeet, MMP9-
mediated degradation of basal lamina'”, and TJ loss, contrib-
uting to BBB alterations.

Biphasic BBB breakdown before neurological damage has
been proved in both human and animal ischemia models®. As
shown in Fig. 5, the most accepted model of this biphasic BBB
hyperpermeability is characterized by (a) an early phase (occur-
ring a few hours poststroke) of enhanced transcellular transport
mediated by caveolin-1 increase’ and possible MESD2A
decrease, followed by (b) a delayed phase of hyperpermeability
(~2 days poststroke) in which both enhanced transcellular
transport and TJ protein disassembly contribute to the loss of BBB
integrity””®’. The ischemia-induced BBB degradation leads to
blood shift to the ischemic brain, with the risk of developing
edema and hemorrhagic transformation’™’". The reperfusion also
causes neuroinflammation response’”, during which the up-
regulated adhesion molecules at brain capillary endothelial cells
strongly interact with activated leukocytes, leading their entry into
brain'®. The processes involve capture, rolling, activation, adhe-
sion, crawling and trans- or para-cellular diapedesis. In addition,
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integrin av(3 is up-regulated on reactive brain capillary endo-
thelial cells for angiogenesis after ischemia’”

2.2.5. TBI

TBI produces primary physical damage to neurons and vessels,
leading to loss of neuron function and hemorrhage. The release of
intracellular contents from disrupted neurons and the influx of blood
components cause secondary injury including ionic imbalance,
cytotoxicity, free radical production, oxidative stress, inflammation
and further BBB breakdown. These responses lead to vasogenic/
osmotic edema for hours and days, resulting in lifelong physical,
cognitive and psychosocial impairments’*’>. The primary injury
appears to be irreversible, making the focus of therapeutic strategies
on neuroprotective approaches that suppress progressive cell death
and tissue damages during the secondary injury’”

Besides the direct physical damage to vessels by TBI, the hem-
orrhage and edema lead to further damages to BBB at the lesion site
and neighboring regions’*. The transcytosis rate increases after TBI,
through caveolin-1 increase and possible MFSD2A decrease from
pericyte deficiency (Fig. 6). Neuroinflammation involves release of
cytokines and chemokines, which activate endothelial cells to up-
regulate adhesion molecules to recruit neutrophils through the
decreased TJ and degraded extracellular matrix. Changes of molec-
ular expression undergone on neurovascular cells (e.g., down-
regulation of P-gp) have been extensively reviewed’”**’°. Oxida-
tive stress and neuroinflammation induce expression of MMPs,
which degrade extracellular matrix and TJ?’. Neuroinflammation
promotes the upregulation of the water channel aquaporin 4 and
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contributes to swelling of endothelial cells and astrocytic end-
feet’”"*. Tt is noteworthy that most of these processes are inter-
connected and happen simultaneously.

It is noteworthy that endothelial cells recover vascular integrity
to brain and angiogenesis occurs to support the newly formed scar
and connective tissues after astrocytes reestablish glial limitans
surrounding the injury tissue. The recovery reestablishes the BBB
in the injured brain that revives the inherent problems of drug
delivery in the chronic phase following TBI'*. Studies in rats with
controlled cortical impact have shown that claudin-5 was
decreased early at three days after injury but increased when P-gp
was upregulated one week after injury’". In addition, the recovery
of disrupted BBB appears to be highly variable depending on
injury types, severity and complexity.

2.2.6.  Brain tumor
Brain tumor is a life-threatening brain disease with a relatively
low survival rate’’. Glioblastoma, the most invasive brain tumor,
is characterized by the highest mortality rate, short lifetime and
poor prognosis with a high tendency of recurrence. Surgery is
often applied to excise the tumor bulk, but the infiltrating tumor
cells inside the normal brain parenchyma cannot be completely
removed. On the other hand, these residual tumor cells are pro-
tected against drug therapy by the BBB, leading to the tumor
recurrence’®.

The progression of brain tumor leads to BBB changes
including astrocyte endfeet displacement and heterogenous
subpopulation of pericyte and astrocyte, forming highly
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heterogeneous and compromised BBB’. The BBB in brain tumor
is often termed as blood—brain tumor barrier (BTB), with
different structural and functional characteristics to the BBB
(Fig. 7). The transcytosis rate increases on BTB through the
decrease expression of MFSD2A®’. Permeability of the BTB to
drugs or contrast agents was higher but more heterogeneous than
that of the BBB®!. ATP-sensitive potassium channels (Karp) and
calcium-dependent potassium channels (Kc,) are specially up-
regulated on BTB endothelial cells to regulate BTB perme-
ability®®. As a transmembrane protein with internalization func-
tion, prostate-specific membrane antigen (PSMA) is specifically
expressed on "breast cancer brain metastases-associated" BTB
endothelial cells® . Downregulation of ZOl and vascular-
endothelial cell adhesion molecule (VE-CAM) leads to the loss
of continuous endothelial cell adhesions, creating abnormal mo-
lecular permeation channels®'. The BTB was also found to differ
from the BBB by: the presence of swollen capillary endothelial
cells; abundant vascular endothelial growth factor (VEGF); a
prominent local neuroinflammatory milieu consisting of activated
microglia, astrocytes and immune cells; an altered basement
membrane composition; shifts in subpopulations of pericytes; and
loss of astrocyte endfoot polarization of aquaporin channels®'.
Other molecular alterations reported in BTB endothelial cells that
contribute to increased permeability include altered expression of
membrane transporters (GLUT1 and breast cancer resistance
protein®’), cytokine receptors such as the receptor for tumor ne-
crosis factor and membrane proteins and growth factors including
claudin-5 and angiopoietin 2°'.

2.2.7. MFSD2A decrease in different brain diseases

In the brain, MFSD2A is exclusively expressed at luminal side of
BBB?'"!. Pericytes are required for MFSD2A expression®®.
MFESD2A transports lysophosphatidylcholine esterified docosa-
hexaenoic acid to supply the brain with the essential omega-3 fatty

Normal BBB
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acid*. Of particular note is that MFSD2A is required for proper
BBB development and functional integrity”'~*'*?. MFSD2A sup-
presses caveolae-mediated transcytosis to regulate BBB perme-
ability via controlling lipid composition of BBB endothelial
cells®"*"*?, In addition, pericytes can regulate vesicular transport
at the BBB via regulating MESD2A expression’".

MFSD2A decrease leads to increase of vesicular transport in
the BBB”**°. The response of MESD2A to pathological processes
has been revealed in some brain diseases”, for example,
MFSD2A decrease in the perihematomal tissue on mice model of
intracerebral hemorrhage and subarachnoid hemorrhage®”".
MFSD2A decrease was also shown on disrupted brain vascular
endothelium in brain metastatic tumors’”*’. In addition, increased
transcytosis in the BBB of AD, ischemic stroke and TBI'>23 7’33,
suggests the possible MFSD2A decrease at the BBB besides the
increase of caveolin-1 expression. For now, there is no report on
directly comparing the degree of MFSD2A decrease in different
brain diseases. The involvement and decrease extent of MFSD2A
in different neurological diseases deserve further investigation’”.

2.2.8. TJ loss in different brain diseases

Almost all brain diseases are involved with loss of TJ. However,
for TJ loss, difference of cause, loss extent, time, and location
exists between different brain diseases, especially between acute
and chronic diseases of the brain. AD and PD belong to chronic
neurodegenerative disorders while TBI and stroke are acute brain
insults”***. For AD, endothelial GLUT1 deficiency initiates early
BBB disruption as represented by the reduction in TJ proteins in
mice'®*’. RAGE-mediated AB cytotoxicity contributes to
disruption of TJ via Ca*"-calcineurin signaling”. The length of
TJ in mice with 5 familial AD mutations is significantly shorter
than that in littermate control mice'®'®. In addition, the TJ loss in
AD is mainly located in the cortex and hippocampus'?. For PD, a-
synuclein accumulation may be an important contributory event in
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the pathogenesis'®. The reduction of TJ proteins in PD is located
in the basal ganglia'>'®*,

Acute brain diseases often display relatively instant loss of TJ
from the angle of time. For epilepsy, TJ loss was observed early
after status epilepticus as well as during latent and chronic pe-
riods, and the permeability increase is positively correlated to
seizure frequency’”. Both similarities and differences on loss of
TJ exist between TBI and ischemic stroke’®. For TBI, the BBB
permeability to macromolecules are biphasic on rat TBI models,
peaking at 4—6 h and Day 2—3 after injury’®. The expression of
claudin-5 rises again 1—2 weeks after injury and remain elevated
as much as 4—8 weeks after initial injury. For stroke, TJ remains
normal even after 25 h of cerebral ischemia after embolic middle
cerebral artery occlusion and display profound structural defects 2
days after ischemia®. Active remodeling of TJ may occur in the
late phase of reperfusion when angiogenesis of brain vessels be-
gins. For brain tumor, tumor cells associate with blood vessels and
insert themselves between the endfeet and the endothelial wall of
the preexisting blood vessel to alter astrocyte-vascular in-
teractions at the preexisting vasculature. The loss of contact be-
tween endfeet and blood vessels leads to loss of TJ. Importantly,
single glioma cells are sufficient to locally open the BBB”. In
addition, VEGF produced in brain tumors, can promote endocy-
tosis of the endothelial cell adhesion molecule VE-cadherin,
leading to BBB disruption and increase in endothelial
permeability”®,

The optimized size of nanocarriers based on the opening of
BBB gaps for different brain diseases was discussed in “Section
4.2. TJ loss based strategy”. For now, the comprehensive char-
acterization and quantitative comparison of “dynamic” TJ loss
between different brain diseases depend on the disease progres-
sion stage, the established animal model and the individual dif-
ference. Liu et al.'’ previously compared BBB permeability
between ischemic stroke and TBI on animal models and found
that the BBB dysfunction in cold-injury-induced TBI was more
serious than that in ischemic stroke. However, the related studies

Paracellular transport

Scheme of transport-related BBB evolutions in brain tumor.

are still in their infancy and thus need to be extensively and
intensively researched. The design of a kind of effective, accept-
able and quantitative index will be helpful.

3. Nanoscale drug delivery systems

Over the past few decades, the rapid expansion of nanotechnology
has begun to be developed for biological and medical applications.
In drug delivery field, nanoscale drug delivery systems have
already started to exhibit immense potential due to many incom-
parable advantages. Such advantages include but are not limited to
decreased side effects, prolonged blood circulation, and increased
drug stability, bioavailability and targeting efficiency'™''. Be-
sides, versatile nanocarriers could simultaneously carry imaging
agents, therapeutic drugs and targeting ligands, which is beneficial
for tracing drug distribution, activating drug release from an
external stimulus (e.g., laser light, temperature, or ultrasound), and
theoretically detecting potentially dangerous drug accumulation.
Based on all these advantages, nanoscale drug delivery systems
have found renowned attention in tumor-targeting imaging and
drug therapy”’. Due to the rapid expansion of nanotechnology,
various types of nanocarriers have been developed, for example,
liposomes, micelles and various nanoparticles (NPs, Fig. 8).
Nanoscale brain-targeting drug delivery systems have great
perspectives for drug management of brain diseases. For this
application, the nanocarriers should be capable of overcoming the
BBB, and improving diagnostics and drug therapy efficiency. With
subtle design, the functionalization could assist the translocation
of nanocarriers across the BBB and provide satisfactory BBB
permeation'?’. Endogenous and exogenous specific ligands and
substrates have been extensively used to enhance the efficiency of
BBB crossing and brain-targeting delivery via binding with spe-
cific CMT or RMT on the BBB**!°1"192 For example, transferrin,
lactoferrin, glucose, polysorbate 80 and anti-TfR antibodies have
been developed as brain targeting ligands and have shown high
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efficiency in amplifying BBB penetration and brain delivery of
nanocarriers* !>~ "% Nanocarriers can also be functionalized by
loading BBB permeability modulators (e.g., lexiscan) and P-gp
inhibitors and conjugating with cell penetrating ligands, to regu-
late drug diffusion through paracellular barrier, inhibit active
efflux, and  utilize  adsorptive-mediated  transcytosis,
respectively''' ', The capacity to cross the BBB offers new
ways for drug delivery to brain, which remain much needed in
brain diseases. Nazem and Mansoori reviewed the promise of
nanotechnology on the diagnosis and therapy of AD and other
neurodegenerative diseases''*. Kubinova and Sykova''> summa-
rized applications of nanocarriers for therapy of brain stroke and
spinal cord injury.

4. Diseased BBB-based brain-targeting delivery strategies

Because of BBB evolutions in brain diseases, drug delivery
through the diseased BBB is different and more complex than
through the normal BBB. However, BBB crossing strategies can
be correspondingly designed against the altered BBB. According
to the general BBB alterations in brain diseases, the following
strategies have been reported or remain to be explored to specially
deliver drug across the diseased BBB.

4.1.  Evolutionary RMT and CMT based strategy

In the brain, MFSD2A selectively transports the omega-3 fatty
acid docosahexaenoic acid across the BBB*'**", More impor-
tantly for drug delivery, MFSD2A suppresses caveolin-dependent
transcytosis on the BBB, with genetic deletion of murine
MFSD2A leading to enhanced transcellular transport and break-
down of the vascular endothelial barrier in the brain®*"''°, Tt has
been reported that the expression of MFSD2A on brain capillary
endothelial cells is significantly reduced in brain regions affected
by intracerebral hemorrhage, subarachnoid hemorrhage and met-
astatic brain tumors’**"*>°! " Therefore, RMT-based ligand-
modified brain-targeting delivery strategies should have enhanced
crossing efficiency for diseased BBB than normal BBB. In addi-
tion, transcytosis of ligand-modified nanocarriers via RMT is
likely to be trapped within brain capillary endothelial cells due to
the high binding affinity of ligand with receptors, which greatly
reduces the amount of nanocarriers across BBB''™''®  Acid-
responsive dissociation of brain-targeting ligands in endo/lyso-
somes was previously reported with high efficiency in improving
escape from endo/lysosome and transcytosis across the

Gene-loaded polyplexes

Micelles Liposomes

Solid polymeric NPs Membrane-coated NPs

Various types of NPs developed for drug delivery.

BBB''7''® The increased transcytosis by MFSD2A decrease
holds the potential to combine with the promising acid-responsive
ligand dissociation strategy for obtaining significantly improved
brain-targeting efficiency.

As listed in Table 1, the up-regulated RAGE in AD endows the
decoration of RAGE-specific ligand on nanocarriers with the
ability of mediating crossing of BBB associated with AD. Integrin
receptors for angiogenesis are increased on reactive brain capillary
endothelial cells in PD, ischemia and brain tumors’*73! 19 which
makes it feasible to use related ligands to mediate the crossing of
the diseased BBB in these lesions. Epilepsy-specific over-
expression of multidrug efflux transporters, such as P-gp, reduces
intracranial concentrations of antiepileptic drugs®® ®*, and should
be emphasized when designing drug delivery systems for epilepsy.
The reduced GLUT1 and LDLR-related protein 1 (LRP1) on the
BBB in AD may need to be reversed to strengthen the BBB
crossing efficiency of glucose-modified nanocarriers or angiopep-
2-modified nanocarriers. BTB in brain tumors is often induced by
tumor to express PSMA, CD13, integrin receptors, Karp and
Kc.''?7'%, which can be utilized to mediate the crossing of the
barrier in brain tumor regions. Some typical brain-targeting drug
delivery systems based on up-regulated targets in different brain
diseases are listed in Table 20%73:82:120.1247126

4.2.  TJ loss-based strategy

If impaired drug diffusion inside the brain was not a consideration,
any loss of TJ in the BBB would improve delivery of drugs,
especially nanocarriers, to the brain. Nanocarriers allow rapid
accumulation in damaged brain regions with TJ loss, while still
being large enough to be retained in these regions, not diffusing
away as quickly as smaller molecules'?’. This phenomenon is
much similar to the enhanced permeability and retention (EPR)
effect seen in tumors'**'?°, More importantly, the size of nano-
carriers should be optimized for different brain diseases and dis-
eases at different stages because of the different leaky gaps at the
diseased BBB. Based on the TJ loss in different brain diseases, the
size of nanocarriers should be between the normal BBB pore size
(1.4—1.8 nm) and the opening of TJ in different brain dis-
eases’®'?’, Generally, the space between T is narrower than that
between adherent junctions (~20 nm)®. There is limited quan-
titative characterization on the extent of BBB opening at different
stages in AD, PD and epilepsy. However, it is estimated that even
under severe pathological conditions, only nanocarriers with size
smaller than 20 nm can penetrate the BBB®®. Amyloid oligomer-
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specific scFv antibody-modified polyethyleneglycol (PEG)ylated
superparamagnetic iron oxide NPs with size of 11.8 nm were
shown to be able to cross the BBB and specifically bind to the PD
area’'. Similar iron oxide NPs with size of 10—20 nm were
shown to be able to penetrate the BBB on acute temporal lobe
epilepsy model'**'**, There exists some controversy about the
opening extent of BBB gaps after stroke. On the one hand, up to
30% of TJ were reported to be open at 48—58 h after transient
middle cerebral artery occlusion, and the opening of these gaps
can increase progressively, reaching gaps of 0.2—1.2 um>>’. On
the other hand, the pore size upper limit of ischemic vasculatures
in mice was determined to be in the range of 10—11 nm'**. The
pore size upper limit in brain tumor vasculatures was reported to
be ~12 nm'**'*°. However, nanocarriers with size in the range of
5—40 nm were demonstrated to be able to permeate through the
BTB'**'*7_ The size of BBB opening after TBI on animal models
depends on the impact types (focal and diffuse) and different
stages. On blast-induced TBI mouse model, BBB opening in the
acute period was ~70 kDa (hydrodynamic diameters ~ 10 nm),
followed by recovery of BBB integrity by 1 day post-injury'**. On
controlled cortical impact model, selective influx of 82 nm PEG-
liposomes was found at 0—8 h after injury'”®, and both 20 and
40 nm PEGylated polystyrene NPs accumulated significantly in
the injury penumbra up to 13 h after injury’>'**. On diffuse TBI
model, PEGylated polystyrene NPs failed to accumulate in the
brain tissue after mild closed-head injury'*’. On cryo-lesion TBI
model, 100 nm NPs were shown to have greater penetration onto
the brain lesion than larger NPs'*',

4.3.  Neuroinflammation based strategy

The influx of blood-borne molecules and cells into brain due to
the BBB disruption in brain diseases, leads to inflammatory and
immune responses, making most of brain diseases accompa-
nying with neuroinflammation. In the whole process including
initiation, maintenance and duration, blood-borne cells
including RBCs, platelets and leukocytes are extensively
recruited and trafficked into the brain parenchyma by chemo-
taxis, diapedesis and precise molecular interactions®, which is
crucial for the development of inflammatory'®. The up-regulated
adhesion molecules at the surface of brain capillary endothelial
cells lead to leukocyte entry to brain. Leukocytes infiltrate
across the BBB in a multistep sequential process involving
capture, rolling, activation, adhesion, crawling and trans- or
para-cellular diapedesis. The recruitment of leukocytes to
intracranial lesions offers a unique opportunity for crossing of
the diseased BBB and the leukocytes could serve as carriers to

deliver drugs across the BBB to inflammation sites inside
142

leukocytes could directly target pathologically affected regions
in the brain®.

Cell-membrane-coating nanotechnology has attracted much
attention to constructing biomimetic drug delivery systems with
synthetic NPs as the core and a layer of natural cell membrane as
the shell'*’. The biomimetic nanocarriers inherit the properties of
the source cells, possessing a series of favorable functions such as
prolonged circulation and disease-relevant targeting'**. Some cell
membrane camouflaged nanocarriers have been applied for im-
aging and photoactivatable therapy in various cancer mod-
els'?*!1%7 152 Therefore, biomimetic nanocarriers coated by
membrane from blood-borne cells can be designed and should be
capable of crossing the diseased BBB through the neuro-
inflammation process.

4.4.  Selecting the most favorable transport-related BBB
molecular changes for different brain diseases

Different brain diseases display various BBB evolutions
throughout the onset and progression. Various BBB crossing
strategies can be designed based on these BBB evolutions
for brain-targeting drug delivery. For example, for designing
AD-targeting nanocarriers, favorable transport-related BBB
molecular changes in AD include TJ loss, RAGE up-regulation,
adhesion molecule up-regulation and increased transcytosis
related possible MFSD2A decrease or caveolin-1 increase. For
other brain diseases, transport-related BBB molecular changes
can be found in Table 1 and Section 2.2. Diseased BBB.

The most favorable transport-related molecular changes for
designing targeted delivery systems for specific brain disease
remain to be investigated. TJ loss allows nanocarriers with size
less than 20 nm to penetrate the diseased BBB via an EPR-like
effect. MFSD2A decrease, caveolin-1 increase and receptor up-
regulation could improve transcytosis of ligand-modified
nanocarriers through the diseased BBB. Based on increased
transcytosis, ligand-modified nanocarriers can be several hun-
dred nanometers with relatively high drug loading. It is
complicated to determine which transport-related BBB molec-
ular change is most favorable for designing brain-targeting
nanocarriers for specific brain diseases. On the one hand, the
degree of transport-related BBB molecular changes determines
the efficiency of related strategies. Unfortunately, the quantita-
tive characterization on the extent of many transport-related
molecular changes remains to be deciphered. On the other
hand, physicochemical properties of nanocarrier (e.g., chemical
composition, size and zeta potential) may impact the efficiency.
It is remarkable that the efficiency of BBB crossing and brain
targeting drug delivery may be significantly boosted by engi-

brain "°. The designed drug-bearing nanocarrier-phagocytosed neered strategies integrating different BBB molecular changes
Table 1  Transport-related molecular changes in various brain diseases.
Type of brain diseases Transport-related BBB molecular change
AD | MFSD2A (possible), 1 Caveolin-1 (possible), T Adhesion molecules, T RAGE, | LRP1, | GLUTI, | P-gp
PD 1 a-Synuclein pathway, | LRP1, 1 Integrin, | P-gp
Epilepsy 1 LATI, 1 P-gp, 1 Integrin
Stroke IMFSD2A (hemorrhagic), T Caveolin-1, T Integrin
TBI I MFSD2A (possible), T Caveolin-1, 1 Adhesion molecules, | P-gp

Brain tumor

IMFSD2A, 1 PSMA, 1 CDI13, 1 Integrin, 1 Karn 1 Kca
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Table 2  Typical brain-targeting drug delivery systems based on diseased BBB in different brain diseases.
Brain disease Up-regulated Ligand Example Ref.
target on diseased
BBB

AD RAGE KLVFFAED A reactive oxygen species (ROS)-responsive 124
curcumin-loaded polymeric micelle to normalize
the oxidative and inflammatory
microenvironment and reeducate microglia
through ROS scavenging and A inhibition.

Epilepsy Adhesion Monocytes Monocytes for delivery of magnetite-laden NPs to 65

molecules epileptogenic brain tissue to delineate
inflammation in epilepsy.

Stroke Integrin av(3 Cyclo The engineered c(RGDyk)-conjugated exosomes to 73
(Arg-Gly-Asp-p-Tyr-Lys) deliver curcumin to ischemic region to suppress
c¢(RGDyK) inflammatory response and cellular apoptosis in

the lesion region.
Stroke Adhesion Neutrophils Neutrophil membrane-derived nanovesicles loaded 125
molecules (e.g., with resolvin D2 to enhance resolution of
P-selectin & inflammation to protect brain damage during
ICAM-1) ischemic stroke.

Glioma CD13 Cyclo(CRNGRGPDC) iNGR The modified complexes between polycation pOEI 120
and siRNA nanospheres for delivery of RNA
interference oncotherapy to glioma.

Glioma Integrin av@3 ¢(RGDyK) The modified red blood cell membrane-coated drug 126
nanocrystals for effective drug delivery to glioma.

Brain Katp Loaded minoxidil The minoxidil-loaded hyaluronic acid-tethered NPs 82

metastases can boost transcytosis across the BTB through

strengthening activation of up-regulated Krp on
BTB to deliver doxorubicin to brain metastases.

and impacted by BBB recovery or deterioration after drug
intervention of the disease progression.

5. Applications
5.1. AD

5.1.1.  RAGE up-regulation

RAGE expression in brain microvasculature is increased in AD
parallel to advanced stages of the disease'>>'>*. The up-regulated
RAGE and RAGE-mediated transcytosis pathway can be
employed for brain drug delivery. Lu et al.'** reported a RAGE-
targeting ROS-responsive  polymeric micelle system to
normalize the oxidative and inflammatory microenvironment and
reeducate microglia from an early phase of AD based on the
crosstalk between microglia and brain microenvironment.
Through the RAGE-mediated A( transportation pathway, the
micelles accumulated into the diseased regions and exert syner-
gistic effects of polymer-based ROS scavenging and cargo-based
A@B inhibition upon microenvironment stimuli. Wu et al.'®
found that the nanocarrier assembled by hierarchial forms of a
brain specific phage-derived peptide can target brain capillary
endothelial cells through both RAGE and TfR, cross the BBB and
reach neurons and microglial cells. The brain accumulation of the
nanocarrier can reach 5.7% of the injected dose on normal mice.
With up-regulated RAGE on BBB in AD brain, the brain delivery
efficiency of the nanocarrier may be able to be further enhanced
on AD mice. Through intravenous injection, effective down-
regulation of -secretase 1 (BACE1) in the brain was achieved

by the delivered short interfering RNA (siRNA) against BACE1 to
inhibit A production in AD'.

5.1.2.  Reduction of both LRP1 and GLUTI

Under physiological conditions, LRP1, at the abluminal side of
the BBB, binds A{ and initiates AS clearance from brain to blood
via transcytosis across the BBB. Considering the LRP1 reduction
in AD, statins had been used to upregulate LRP1 at the BBB to
promote Ag clearance®*'°*!°°. The strategy of up-regulating
LRP1 via statins can be employed for brain drug delivery. Guo
et al."”” developed simvastatin-loaded angiopep-2-anchored NPs
for raising expression of LRP1 at brain capillary endothelial cells
to surmount the low transcytosis of BBB. The developed NPs also
heightened LRP1 on brain metastatic tumor cells with improved
chemotherapy of brain metastases. However, the strategy of up-
regulating LRP1 via statins has not been yet applied in brain-
targeting drug delivery and therapy for AD.

AD is also characterized by reduced GLUT]1 at the BBB and
reduction of glucose transport’’. Anraku et al.'*® designed rapid
glycaemic increase after fasting and self-assembled supramolec-
ular nanocarriers with surface featuring properly configured
glucose to boost BBB crossing and brain accumulation of glucose-
functionalized nanocarrier. The putative up-regulation of luminal
GLUT1 by hypoglycemia and the migration of GLUT1 from the
luminal BBB to the abluminal BBB by the rapid glycaemic in-
crease after fasting boosted the BBB crossing and brain accu-
mulation of the developed nanocarriers. The brain accumulation
of glucose-properly-configured nanocarrier can reach at 6% dose/g
-brain on normal mice with glycaemic control. Although it has not
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been applied for drug delivery and therapy for AD, this strategy
holds the potential to overcome the reduced GLUT1 in AD for
drug delivery to brain with AD.

5.1.3. TJ loss

It seems that TJ loss would improve paracellular drug delivery to
the brain®. However, BBB with TJ loss is still very restrictive in
comparison to peripheral tissue beds®’. Cheng et al.'*” found that
TJ loss in AD animal model was not sufficient to influence brain
influx of small molecule drugs. Nanocarriers with prolonged blood
circulation possess the potential to improve the leaky vessel-based
drug delivery efficiency. Tanifum et al.'® designed Ag-targeting
lipid conjugate-incorporated stealth liposomes to treat amyloid
plaque deposition in AD. The liposomes successfully extravasated
into brain via the compromised BBB and bound with A8 plaque
deposits'®'. Tn addition, lexiscan and minoxidil as BBB modula-
tors were respectively loaded into NPs to further enhance para-
cellular BBB permeability®>'!'!"'57:19% The strategy of co-delivery
of BBB modulators can be applied to improve drug delivery to AD
brain.

52. PD

5.2.1. Crossing of diseased BBB in PD

Although TJ loss and possible increased expression of integrin and
adhesion molecules for angiogenesis and leukocyte diapedesis
have been identified as critical BBB evolutions in PD, very few
diseased BBB-based BBB crossing strategies have been reported
for systemic brain-targeting drug delivery. Chen et al.'® reported
polyethyleneglycol-poly(lactic-co-glycolic  acid) (PEG-PLGA)
NPs for delivery of schisantherin A and proved the effective brain
delivery and strong neuroprotective effects in PD zebrafish model.
Although transcytosis was thought as the underlying BBB
crossing mechanism, TJ loss may also contribute to brain uptake
of NPs. The a-synuclein, which forms Lewy bodies in brain with
PD, holds the potential to be engineered as safe functionalization
for BBB crossing and PD targeting. However, neither a-synuclein
nor derived peptide has been used for brain drug delivery and PD
therapy. Divalent cation Ca>" is the a-synuclein-specific patho-
physiological ligand. Lee et al.'®* designed gold NPs which were
cross-linked by coated cysteine-bearing «-synuclein, to coat
mesoporous silica NPs for intracellular Ca>"-responsive cargo
release. In another study, the a-synuclein was used for the mutual
connection of gold NPs for protease-sensitive and light-responsive
drug release'®. It can be postulated that a-synuclein-functional-
ized delivery systems hold the potential for brain drug delivery.

5.3.  Epilepsy

5.3.1.  P-gp up-regulation

Based on the specific up-regulation of P-gp on the BBB in epi-
lepsy, about 35%—40% of epilepsy patients are resistant to drug
therapy. Therefore, development of formulation that can modulate
P-gp function as well as facilitate brain delivery of antiepileptic
drug represents a promising strategy for epilepsy intervention®'.
Zybina et al.*® found that P-gp inhibitor verapamil increased the
anticonvulsant effect of carbamazepine and reduced its effective
dose by ~30% in isoniazid-induced rat epilepsy model.

Fang et al.®* designed pluronic P85-coated poly(-
butylcyanoacrylate) NPs for brain delivery of phenytoin while
overcoming the up-regulated P-gp in rats with chronic temporal
lobe epilepsy induced by lithium-pilocarpine. The NPs success-
fully overcame the drug resistance in epilepsy and efficiently
delivered phenytoin to rat hippocampus with P-gp overexpression.
Liu et al.%” designed tryptophan-functionalized pluronic P123/
F127 mixed micelles for delivery of antiepileptic lamotrigine to
epileptogenic focus. The delivery was based on the combination
of transporter-mediated endocytosis and pluronic block
copolymer-mediated overcoming of multidrug resistance. The
micelles were efficient in delivering lamotrigine to the brain,
especially the hippocampus via the tryptophan-mediated active
targeting as well as P-gp modulation at the epileptogenic focus.

5.32. TJloss

Alpha-methyl-L-tryptophan (AMT) is a synthetic amino acid and
is recognized as a surrogate marker for epilepsy, characterized by
high uptake in the epileptic focus. Based on TJ loss in epilepsy,
Wang et al.'*” engineered AMT-modified iron oxide NPs for de-
livery IL-18 monoclonal antibody across the BBB in the acute
temporal lobe epilepsy for epilepsy treatment. Akhtari et al.'>
developed AMT-attached magnetic NPs for magnetic resonance
imaging of acute and chronic temporal lobe epilepsy. The mag-
netic NPs crossed the BBB, entered into brain parenchyma, and
localized to epileptogenicity location in both acute and chronic
conditions. In another study, magnetic field was used to improve
the BBB crossing efficiency of AMT-coated NPs'®. TJ loss was
thought as the BBB crossing mechanism of AMT-coated NPs for
passive epilepsy targeting.

5.3.3. Neuroinflammation

Neuroinflammation in epilepsy can be targeted by biomimetic
delivery systems for BBB crossing through the infiltration
mechanisms of leukocytes into the epileptic brain. Han et al.®®
designed NPs-loaded monocytes for drug delivery to epileptic
brain. The distribution of NPs-loaded monocytes in hippocampal
CAl subregion and dentate gyrus in rats with spontaneous sei-
zures was 176- and 380-fold higher than unloaded NPs.

5.4. Stroke

5.4.1. Integrin up-regulation

Integrin receptors, especially av(33, are up-regulated at the BBB in
stroke. Tian et al.”* designed c(RGDyK)-conjugated exosomes for
delivery of curcumin to brain ischemic lesions in transient middle
cerebral artery occlusion mice model. The curcumin-loaded exo-
somes showed strong suppression of the inflammatory response
and cellular apoptosis in the lesion region. In another study,
PEGylated ceria NPs was conjugated with biotinylated-LXW7
which is a ligand of integrin awv(3. The modified ceria NPs
could cross the BBB through the interaction between LXW7 and
avfB3 which is upregulated on BBB after stroke, and exhibited
better effects in reducing infarction size and the degree of BBB

breakdown'®’.

5.4.2.  Neuroinflammation
The recruitment of activated leukocytes to intracranial lesions, a
typical feature of neuroinflammation response which occurs in
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cerebral ischemia, offers a unique opportunity for drug delivery
across the BBB to inflammation sites inside brain'*>. The
expression of P-selectin and intercellular adhesion molecule-1
(ICAM-1) on brain capillary endothelial cells are up-regulated
during stroke. The interaction between P-selectin and P-selectin
glycoprotein ligand-1 which are expressed on leukocytes pro-
motes the binding of leukocytes to BBB in stroke. Leukocytes
realized firmer adhesion on the vascular wall through the specific
binding between the ICAM-1 and lymphocyte function associated
antigen-1 (LFA-1), leukocytes subsequently infiltrate into the
ischemic brain parenchyma through the damaged BBB. Dong
et al.'> designed neutrophil membrane-coated NPs for brain de-
livery of anti-inflammation agent to prevent brain damage led by
ischemia/reperfusion. Zhang et al.'** developed neutrophil-
targeting PGP peptide-modified catalase-loaded cross-linked
dendrigraft poly-L-lysine NPs. The NPs can be internalized into
neutrophils in blood through the binding of PGP with CXCR2
receptor on neutrophils and subsequent receptor-mediated endo-
cytosis. Neutrophils enhanced catalase delivery to ischemic re-
gions and reduced infarct volume in middle cerebral artery
occlusion mice. The neutrophil-based strategy is also promising
for treatment of other inflammation-related brain diseases because
neuroinflammation occurs in many neurological disorders.

5.4.3. TJ loss
TJ loss in stroke allows drug accumulation in stroke re-
gion’”'%%1% NPs showed further enhanced delivery of thera-
peutics via the leaky BBB’*'"". Various NPs have been reported
to passively cross the disrupted BBB in stroke. Al-Ahmady et al.®’
showed selective recruitment of liposomes into ischemic region in
brain in mouse model. The brain liposomal level in ipsilateral side
was significantly increased from 0.04% dose/g-brain under
healthy condition to 0.24% and 0.1% dose/g-brain when given to
mice at 0.5 and 48 h after transient middle cerebral artery oc-
clusion. The recruitment of intravenously injected liposomes was
correlated with the biphasic BBB breakdown®’. The biphasic BBB
breakdown precedes neurological damage, endowing NPs with the
great potential for neuroprotection. Uptake of liposomes by glial
cells in the ischemic region was selectively enhanced, highlighting
the potential for blocking inflammatory responses or shifting the
polarization of microglia/macrophages toward brain repair.

Based on the ischemia targeting ability of platelet membrane
lipids and proteins, Li et al.'”' designed platelet membrane-
derived nanobubbles for ultrasound imaging of acute ischemic
stroke and timely perfusion intervention. The nanobubbles
exhibited preferentially accumulation in ischemic region for real-
time contrast-enhanced ultrasound imaging to indicate the severity
and dynamic development of the stroke and critical microvascular
bio-remodeling for recanalization of the obstructed vessels to
protect the neural cells around the ischemic region. Adenosine
with neuropharmacological activity is often inefficient upon sys-
temic administration because of its fast metabolization and blood
clearance. Gaudin et al.'”* conjugated adenosine to lipid squalene
for formation of nanoassemblies. The nanoassemblies prolonged
circulation of nucleoside for extended interaction of adenosine
with the neurovascular unit and provided neuroprotection against
stroke in mouse model. Animals with cerebral ischemia showed
improved neurologic deficit score after receiving systemic squa-
lenoyl adenosine nanoassemblies.

After passively crossing the disrupted BBB in stroke, various
NPs have been designed to actively target specific components,
e.g., SDF-1, in the ischemic microenvironment. Through various

expressed chemokines, e.g., SDF-1 receptor CXCR4, neural stem
cells migrate to the injured brain area. Ma et al.'’” designed
poly(lactic-co-glycolic acid) (PLGA) NPs coated with engineered
CXCR4-overexpressed neural stem cell membrane for delivery of
anti-edema glyburide to ischemic brain for stroke treatment.
RAGE is up-regulated on neurons and glial cells in ischemic brain
to induce inflammation' ", Oh et al.'”* developed RAGE-targeting
peptide modified NPs for delivery of heme oxygenase-1 plasmid
for ischemic stroke gene therapy. The NPs inhibited RAGE-
mediated signal transduction and functioned as cytoprotective
reagent to decrease inflammation, apoptosis and ROS in hypoxic
cells. In light of upregulated ROS in ischemic neurons, Lv et al.'”
designed stroke homing peptide-modified RBC membrane-coated
ROS-responsive dextran nanocarrier for delivery of neuro-
protective peptide NR2BOC to treat ischemic brain damage. After
homing to ischemic brain, the NPs released NR2B9C upon
responding to intracellular ROS in ischemic neurons. The NPs
showed prolonged systemic circulation, active targeting, and
reduced ischemic brain damage by protective effects in the middle
cerebral artery occlusion rats'”> 77,

55 TBI

5.5.1.  BBB disruption during the early phase after injury
Although the recruitment of neutrophils and the increase of the
transcytosis rate are two important characteristics of early stage
TBI, the two characteristics were very rarely used to design brain
drug delivery systems for treatment of TBI.

Loss of TJ during the early phase after TBI provides an op-
portunity for passive accumulation of intravenously administered
NPs through an enhanced permeation and retention-like ef-
fect’>'”®, Through the leaky BBB, NPs successfully delivered
therapeutics such as cerebrolysin and antioxidants to TBI region in
brain’*'*"7%1%0 Bharadwaj et al.'*” showed that, when system-
ically administered within the critical time window (<12 h) after
TBI, PEGylated NPs with different size were significantly accu-
mulated in brain in rodent with moderate/severe TBI. Many papers
researched the effect of the size of NPs on the efficiency of
crossing the compromised BBB to TBI regions’>'**~'*! Miller
et al.”” found that 80 nm PLGA NPs had maximal permeability
coefficient in TBI mouse model when intravenously injected 3 h
post-injury. Lin et al.'®"  synthesized poly(n-butyl-2-
cyanoacrylate) NPs for delivery of large molecules through the
BBB in injured brains to treat TBI. NPs were distributed widely
near injured sites and hardly detected in normal regions, demon-
strating the compromised BBB-based brain-targeting.

TBI can lead to internal bleeding in brain and long-term
neurological deficits. Currently, there are no treatments for inter-
nal bleeding beyond fluid resuscitation and surgery. Hubbard
et al.'"®® designed anti-inflammatory dexamethasone-loaded he-
mostatic PLGA NPs to stop the bleeding and reduce inflammation
after TBI. The NPs reduced apoptosis and restored BBB disrup-
tion in the amygdala, ameliorated anxiety parameters, improved
survival and long-term functional outcomes in rats with induced
TBI. Using nucleic acid therapeutics to modulate destructive
pathways is promising for intervention during the secondary
injury. Kwon et al.'"®® engineered a neuron-targeting NP for
intracellular trafficking of siRNA. The engineered NPs infiltrated
brain tissue with compromised BBB in TBI animal model after
systemic administration, to downregulate potential therapeutic
target. As a promising neuroprotective agent, NR2B9c¢ peptide
showed extremely low brain penetrability. CAQK was reported to
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have high affinity with extracellular matrix of injured brain site'®".
Wu et al.'® designed CAQK-modified thrombin-responsive pro-
tein NPs for brain delivery of NR2B9c and demonstrated the
enhanced targeted delivery of NR2B9c to the injured brain lesion
with TBI and improved therapeutic benefits.

5.6.  Brain tumor

5.6.1. CDI3 up-regulation

Based on widely overexpressed endothelial CD13 on the surface
of glioma neovascular endothelial cells, An et al.'*’ synthesized
iNGR-modified polycation with redox-sensitive disulfides to
condense siRNA nanospheres for brain siRNA delivery for glioma
therapy. The NPs demonstrated stability in circulation, enhanced
accumulation in glioma, glutathione-responsive release of siRNA
nanospheres in glioma cells, digestion of siRNA nanospheres, and
remarkable luciferase knockdown.

5.6.2.  Karpand K¢, up-regulation

Karp and K¢, are specially up-regulated on BTB endothelial cells
to regulate BTB permeability®”. Minoxidil sulfate, as a molecular
targeted Karp modulator, can selectively activate Karp channels
present in BTB endothelial cells to up-regulate caveolin-1 and
down-regulate TJ proteins, to specially raise BTB permeability in
both transcellular and paracellular pathways. Minoxidil sulfate-
loaded hyaluronic acid-tethered NPs were designed to surmount
the BTB and target brain metastases. The NPs can boost trans-
cytosis and downregulate TJ proteins in brain capillary endothelial
cells at brain tumor for promoted BTB penetration®.

5.6.3. Integrin up-regulation

Integrin receptor av(3 is upregulated on neovasculature of brain
tumor''?, and holds the potential for BTB crossing. Chai et al.'**
reported ¢(RGDyK)-modified RBC membrane-coated docetaxel
nanocrystals for brain delivery of docetaxel to treat glioma. The
nanocrystals exhibited high drug loading, long-term stability,
excellent biocompatibility, prolonged retention time, superior
tumor accumulation and therapeutic efficacy in mice bearing
subcutaneous tumor or orthotropic glioma. Zhu et al.'*® designed
cRGD-functionalized intracellularly shell-sheddable micelles for
enhanced doxorubicin delivery to glioma and improved tumor
growth inhibition.

5.6.4. TJ loss

With prolonged circulation time, NPs can access brain tumor
through the leaky BBB and the enhanced permeability and
retention effect®>!!1571877193 " There have been many papers
using this strategy for targeted delivery of anti-cancer drugs to
brain tumor'**'%*. The use of celastrol for the treatment of cancer
is impeded by its low solubility, poor bioavailability and systemic
toxicity'”*. Huang et al.'”* prepared liposomal celastrol and
assessed the effects in SHG-44 glioma xenografts in mice.
Treatment of subcutaneous xenografts with liposomal celastrol
induced greater antitumor activity than free celastrol with fewer
severe side effects.

Gadolinium (Gd) chelate contrast-enhanced magnetic
resonance imaging (MRI) is a preferred method of glioma
detection and preoperative localization because it offers high
spatial resolution and non-invasive deep tissue penetration'’>.
However, currently used contrast agents, such as Gd-
diethyltriaminepentaacetic acid (DTPA-Gd, Magnevist), suffer
from rapid renal clearance, non-specificity and low contrast

efficiency. Based on the BTB disruption and MMP2 over-
expression in glioma, Huang et al.'”® designed chlorotoxin-
modified poly-L-lysines for brain delivery of DTPA-Gd to image
glioma. Increased glioma accumulation of chlorotoxin-modified
conjugate, enhanced and prolonged MRI signal in glioma in
nude mice. Huang et al.'”” also designed chlorotoxin-modified
polyamidoamine for brain delivery of gene therapy to treat gli-
oma. Based on the BTB disruption and the highly expressed
glucose transporter GLUT1 on tumor cells, Shao et al.'”®
developed  dehydroascorbic  acid-decorated  intracellular
microenvironment-responsive release nanodevice for high integ-
rity in the bloodstream, special binding with tumor cells and
intracellular glutathione-triggered drug release in tumor cells.

Based on the BTB disruption and adenosine receptor on brain
endothelial cells, an “autocatalytic” approach was designed via
loading lexiscan (specific agonist of adenosine receptor) inside
chlorotoxin-modified NPs, to boost BTB disruption-based brain
tumor targeting efficiency'''. The accumulated NPs in brain
tumor through the BTB disruption, release lexiscan to modulate
the BBB to allow more NPs to enter brain, especially brain tumor
regions. The preferential accumulation in brain tumor can be 4.3-
and 94.0-fold greater than that in the liver and in brain regions
without tumors, respectively.

6. Conclusions and future directions

Brain diseases are difficult to treat pharmacologically due to the
existence of the BBB, which is a formidable barrier for drug de-
livery to brain. However, many aspects of the BBB evolve during
the onset and progression of many brain diseases. Substantial
proof-of-concept studies tested the combined use of BBB evolu-
tions (e.g., BBB disruption and regulation of transport systems)
and nanocarriers for selectively enhanced drug delivery to
diseased brain regions for drug therapy of brain diseases.
Although many BBB evolution-based brain-targeting strategies
have shown significant efficiency, quantitative brain delivery ef-
ficiency data (e.g., percentage of dose/g-brain) on disease animal
models are missing in some studies and remain to be further
investigated. Some BBB evolutions haven’t been tested for
mediating brain drug delivery, e.g., increased integrin and adhe-
sion molecules and leukocyte diapedesis in PD. Related studies
are still in their infancy and thus need to be further extensively and
intensively researched. There are still many issues remain to be
solved, e.g., to accurately determine the transition time, the de-
gree, the location and the heterogeneity of various BBB evolu-
tions, and to reveal the connection of BBB evolutions with age and
restoration after drug treatment. Real-time quantitative monitoring
of various BBB evolutions will also be instructive to choose
suitable BBB evolution-based BBB crossing strategies and brain-
targeting drug delivery systems and to optimize the therapeutic
regimen, especially for personalized medicine. In addition, more
thorough discovery and understanding of BBB evolutions will be
beneficial for the formation of a drug delivery system with
extremely high brain-targeting efficiency, which will be very
promising for clinical translation. Cellular neurovascular unit
models using patient-derived endothelial cells may contribute to a
better understanding of the heterogeneity of the BBB evolu-
tions'??. Such studies with improved BBB models will also help
shed light on the cellular interactions and signaling that occur in
pathophysiological conditions. Additional studies must be carried
out to overcome the safety and toxicity issues against the use of
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nanocarriers. Overall, tremendous developments have occurred in
diseased-based brain targeting drug delivery during past two de-
cades. Although it is still in development, BBB evolution-based
BBB crossing strategies will play an increasingly important role
in treating brain diseases.
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